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' 'SYNOPSIS

The thesis describes a theoretical and experimental investiga-
tion into the transfer lubrication technique as a means of

eliminating stick slip vibratory motion.

The experimental apparatus consisted of a replaceable disc
fastened to a rotor supported in air journal bearings. The

disc was driven rotationally via an elastic member and radially
loaded by two diametrically opposed pistons pneumatically
pressed against the disc circumference. A metal piston pressed
against the metal disc induced the stick slip motion whilst

the other piston consisted of‘a dry lubricant compact providing
for the transfer of solid 1ﬁbricant to the metal junction.
Instrumentation was incorporated in order to measure appropriate
stick slip properties and the major parameters of the system

were varied.

Unlubricated stick slip experimental results have been compared
with znalyses based upon upper and lower bound linearised
dynamic friction models. Corresponding theoretical stability
relationships have been @evelbpédrfpr transfer lubricated con-
diFions and experimentgiJcompéfiSon also made. 1In addition
detailed circumstancesvwhereby stick slip motion is successfully
eliminated by transfer 1ubrication have been defined’including

limiting load ratio and oil contamination conditions.



" 'ACKNOWLEDGEMENTS

The author would like to record his thanks to G R Symmons

BSC, PhD, MIMechE, CEng, for the initiation of the program of
research and the guidance and supervision offered in its
execution. Also Mr A E De Barr BSc, FInstP, Director of
Research, MTIRA, Macclesfield, is thanked for the helpful
suggestions made in his role as external supervisor. In
addition thanks are due to Mr O Bardsley MA, MSc, FRAeS, CEng,
Head of Department of Mechanical and Production Engineering,
Sheffield Polytechnic, for the provision of the facilities
which enabled the research to be undertaken. Gratitude is
expressed to the technician staff of the above department for
the assistance supplied in the construction and instrumentation
of the experimental equipment, particularly Mr R Wilkinson and

Mr D McKay.



Synopsis

LIST ‘OF ‘CONTENTS

Acknowledgements

List of Contents

List of Figures

Notation

Chapter

Chapter

Chapter

Chapter

Chapter

HOBD B L0 L0 L LT

(S Ny

1
1.1

v
L ] [ ] L ] . [ ] [ ) L] L]
[FU I O U1 B LA N

N =

INTRODUCTION :
Stick Slip Motion and Transfer
Lubrication
Review of Previous Work
Stick Slip Motion
Transfer Lubrication
Objectives of Investigation

THEORETICAL ANALYSES
Introduction

-Blok Dynamic Friction Model Analysis

Negative Damping Dynamic Friction Model
Analysis

Theoretical Comparisons of Stick Slip
Analyses :

Theoretical Analysis of Dry Lubricant
Friction Effects

EXPERIMENTAL APPARATUS

Introduction

Stick Slip Machine

Instrumentation :
Calibration and Specimen Preparation
Tolerances in Experimental Measurements
Experimental Procedure

EXPERIMENTAL RESULTS AND CCOMPARISON WITH

THEORIES FOR UNLUBRICATED STICK SLIP

Dynamic Friction Characteristics

Comparison of Experimental Results with
Linearised Theories

11

Variation of Dynamic Gradient with System

Parameters

EXPERIMENTAL RESULTS AND COMPARISON WITH
THEORIES FOR TRANSFER LUBRICATED STICK
SLIP

Introduction

Dynamic Friction Characteristics

105



Chapter

Chapter

List of Refer

APPENDIX I
APPENDIX I1I
APPENDIX III

APPENDIX IV

Friction Components of Transfer Lubricants
Introduction
Variation of Transfer Lubrication
Friction Components with System
Parameters
Comparison of Experimental Results with
Stability Theories
Introduction
Stability Comparisons
Stick Slip Elimination Distances and
Transfer Lubricant Wear Rates

CONTAMINANT EFFECTS
Introduction

Graphite on Cast Iron Results
PTFE on Steel Results

Vespel on Steel Results

GENERAL DISCUSSION
Unlubricated Stick Slip
Transfer Lubricated Stick Siip
CONCLUSIONS

ences

- Tabular Results for Unlubricated
tick Slip

Tabuiar Results for Transfer Lubricant
- Characteristics

Tabular Results for Transfer Lubricated
Stick Slip

Record of Specialist Courses Attended

157

168

178
180

A3l

A66
A87



1.1
1.2

2.1

2.9
2.10
2.11
2.12
2.13
2.14
2.15

2.16

2.17

“'LIST OF TFIGURES

Rotational Stick-Slip configuration

Translational stick-slip configuration

Static Instantaneous Constant Kinetic Friction Torque

characteristic
Negative damping friction torque characteristic.
Y vs. wt; for various values of c:

WS ' .
Y vs. T for various values of c.

1

Stability condition for Blok friction model theory
Y vs. wit, for various values of c:
é . -
-maX ys, y for various values of c»

¢

c, vs. wit, for various values of c,

[ .. -
emax/¢ vs. ¢; for various values of c,

c; vs. wits for various values of c;
Ws .
C) VS. W for various values of c»
Stability condition for negative damping friction model
(6 - 8) and Smax for Blok friction model

(¢ - 8) and “M2X for negative damping friction model

Variation of stick slip amplitude with ¢, J and k for
(Tg - Ty) = 0.055Nm

Variation of stick slip amplitude with ¢, J and k for
c, = 0.4 '

Variation of stick slip amplitude with (Té‘: Tk) and ¢,

Rotor and disc in journals

Mercury bath with copper finned tufrol insulated rotor



3.9

3.10
3.11
3.12
3.13
3.14
3.15

4.6
4.7

4.8

Complete stick slip apparatus

Torsional spring and strain gauges

Friction force filter

Amplitude response of friction force filter to various
inputs .

Stick slip instrumentation

Angular displacement of torsional spring vs. u.v.

recorder displacement

Spring stiffness graph

Free vibrations of diéc and spring

Friction force calibration

'Kopp' setting vs. drive velocity

Angular velocity vs. u.v. recorder displacement
Taylor-Hobson Talysurf

Typical surface profiles for disc

Typical friction force slip velocity traces
Amplitude of vibrations compared to both theories
Typical stick slip properties

Comparison of experimental acceleration time period with

Blok model theory, steel on steel

Comparison of experimental acceleration time period with

negative damping theory, steel on steel

Comparison of experimental deceleration time period with

Blok model theory, steel on steel

Comparison of experimental deceleration time period with

negative damping theory, steel on steel

Comparison of experimental slip frequency with Blok



4.9

4.10

4.11

4,12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4,22

model theory, steel on steel
Comparison of experimental slip frequency with negative
damping theory, steel on steel

Comparison of experimental 6 /$ with Blok model theory,

max
steel on steel

Comparison of experimental émax/$ with negative damping
model theory, steel on steel

Comparison of experimental acceleration time period with
Blok model theory, cast iron

Comparison of experimental acceleration time period with
negative damping theory, cast iron

Comparison of experimental deceleration timg period with
Blok model theory, casf iroﬂ

Comparison of‘experiﬁental deceleration time period with
negative damping theory, cast iron

Comparison of experimental slip frequency with Blok
model theory, cast iron

Comparison of experimental slip frequency with negative
damping theory, cast iron

Comparison of experimental 8 /é with Blok model theory,

max
cast iron

Comparison of experimental 6 /b with negative damping

max

theory, cast iron

" Dynamic gradient as a function of system parameters,

cast iron on cast iron
Dynamic gradient as a function of system parameters,
steel on steel

Log ( dynamic gradient) vs. log (drive velocity in



mm/s), cast iron

4.23 Log ( dynamic gradient) vs. log (drive velocity in

‘ vmm/s), steel on steel I

4.24 Log (drive speed exponent) vs. log (normal load(N)),
cast iron on cast iron

4,25 Log (kJ) vs. log ( CF) cast iron on cast iron

4,26 Log (normal load (N)) vs. log ( CF) cast iron on cast
iron

4.27 Variation of negative damping coefficient (c;) with sys-
tem frequency - cast iron

4.28 Variation of negative damping coefficient (c;) with

system frequency - mild steel

5.1 Reduction of stick-slip amplitude due to transfer

lubrication, ptfe on steel

5.2 Transfer lubricated tabular results graphite on cast iron
5.3 Transfer lubricated tabular results ptfe on steel
5.4 Transfer lubricated tabular results ptfe on cast iron

and graphite on steel

5.5 Dynamic friction characteristics - transfer lubricated

metal junction

5.6 Amplitude response trace for graphite on cast iron
5.7 Amplitude response trace for ptfe on steel
5.8. Typical amplitu-e response curves for transfer lub-

ricant friction components
5.9 Typical calculations for transfer lubricant components

of friction

5.10 Components of friction graphite on cast iron 6.6Hz



5.11
5.12
5.13
5.14
5.15
5.16

5,17
5.18

5.19

5.20

5.21

5.22
5.23

5.24
5.25

5.26
5.27

5.28

5.29

Components
Components
Components
Components
Components
Components
frequencie

Components

of friction graphite on cast iron 10Hz

of friction graphite on cast iron 13.7Hz

of friction

ptfe on steel 6.6Hz

of friction ptfe on steel 10Hz

of friction
of friction
s

of friction

ptfe on steel 13.7Hz

raﬁhite on mild steel all

e on cast iron ali frequ ie
tf t i1 £ encies

Variation of coefficient of dynamic friction with normal

pressure at zero velocity - ptfe

Variation

velocity for

Variation

of coefficient of dynamic friction with sliding

0.8MN/m? pressure ptfe

of coefficient of dynamic friction with normal

pressure at zero velocity - cast iron

Variation
speed for
Stability
Stability
Qamping mo
Stability
Stability
damping mo
Stability
Stability
damping mo
Stability
Stability

damping mo

of coefficient of dynamic friction with sliding

0.8 MN/m? pressure

relationships cast

relationships
del)

relationships
relationships
del)

relationships
relationships
del)

relationships
relationships

del)

cast

cast

cast

cast

cast

mild

mild

graphite
iron 6.6Hz (Blok model)

iron 6.6Hz (Negative

iron 10Hz (Blok model)

iron 10Hz (Negative

iron 13.7Hz (Blok model)

iron 13.7Hz (Negative

steel 6.6Hz [Blok model)

steel 6.6Hz (Negative



5.30
5.31

5.32
5.33

5.34

5.35

5.39

6.1
6.2

6.3

6.8

Stability relationships mild steel 10Hz (Blok model)
Stability relationships mild steel 10Hz.(Negative
damping model)

Stability relationships mild steel 13.7Hz (Blok model)
Stability relationships mild steel 13.7Hz (Negative
damping model)

Stick~slip elimination point as a function of normal
load - graphite on cast iron

Stick slip elimination point as a function of normal
load - ptfe on steel

Volumetric wear graphite on cast iren, 6.6Hz
Volumetric wear ptfe on steel, 6.6Hz

Stick-slip elimination‘point vs. load ratio graphite
on cast iron,'6.6Hz.

Stick slip eliminaticn point vs. load ratio ptfe on

steel, 6.6Hz

Amplitude vs. time for graphite on cast iron, oil
contaminated

Amplitude vs. time for ptfe on mild steel, o0il
contaminated

Transfer lubricant components of friction oil
contaninated ptfe on steel, 6.6Hz

Stability relationship, ptfe on steel, oil contaminated
Volumetric wear of ptfe on steel, oil contaminated
Cdmponents of friction, 'Vespel' on steel, oil contam-
inated

Stability relationship, 'Vespel'on steel, oil contam-

inated

‘Amplitude of vibrations vs. time for 'Vespel' on steel,

0il contaminated



Wi

W2

7]

" NOTATION: -

angular displacement of driven disc

angular displacément of driver
Blok parameter 'CTS—_T}-:)—
viscous damping torque proportional to slip velocity

= Dynamic friction model gradient = (Ts - Tk)/emax

Negative damping coefficient = CF/Z/KJ

viscous damping coefficient = C/2/KJ

inertia of disc and rotor

torsional spring stifness

slip time

slip .time period

acceleration slip time period

déceleration slip time period

friction torque at zero slip velocity (static friction)

friction torque at maximum slip velocity (kinetic
friction)

damped natural frequency of system subjected to viscocus

™

damping (/X/J -(C/23})
natural frequency of system (VKJ)

damped natural frequency of system subjected to viscous

and dynamic friction model damping (vK/J - «C—CF)/ZJTD.

slip frequency = 27/t,



" 'CHAPTER 1 ':" TNTRODUCTION

1.1 Stick Slip Motion and Transfer Lubrication

Stick-Slip vibratory motion is a phenomenon occuring between
slow moving bodies in dry.frictional contact when one of the
bodies is driven through an elastic member, and can be present
in the rotational or translational situation, as shown in

figures 1.1 and 1.2.

Self generated vibrgfiohg are b%éuéht about in such systems by
the variation of friction force between the contacting bodies,
- the friction force depending upon the relative velocity of the
bodies. Wheh the frictional contact is befween stationary
bodies there exists a resisfance to motion due to friction
which we shall call "static friction'". If a force, and hence
motion, is applied to the free end of the driving elastic
member, the member compresses and stores energy continucusly
until sufficient force ~ is available to overcome the static
frictioq force, at which point the driven body is caused to
move. As this motion proceeds the frictional resisting force
in the static situation ("static friction'") falls to a lower
level of frictional resistance ("kinetic friction'") in the
moving situation. This drop in friction force effectively
increases the energy available from the compressed elastic
member and induces an acceleration in the moving bcd&, thus
causihg it to move forward sharply, and the elastic member to
lose some of ifs stored energy. Acceleration of the driven

body continues until the decreasing force available from the



elastic member falls below the resisting kinetic friction

force level so causing a deceleration of the body until the
point where motion ceases ('"stick"). When the driven body

comes to rest the friction force is once again that due to static
friction. The process is repeated and continuous self-generated
vibrations occur. Since most drives in general engineering are
transmitted via elastic members (e.g. leadscrews, hydraulic oil,
etc.) then the vibratory motion of stick-slip can.be seen to be
a phenomenon which can produce difficulties in situations

where accurate motion or positional control is required. 1In
addition to the well-known undesirable existence of stick slip
vibrations in machine tool tables and drives (1), other
observations df the phenomenoﬁ in practice are common. Catling
has described the torsional vibration problems associated with
stick slip motion between threads and textile drafting rollers
(2). It has also been observed between steel wires and dip
rollers in the galvanising process (3) and Thompson (4) has

recorded its presence in hydrostatic extrusion devices.

Dry lubricant materials have been used as load carrying

members hitherto for their low friction and anti-stick-slip
properties. A recent development, however in the lubrication of

- friction junctions rigidly driven relative to each other has been
1ubfication by transférred films of solid lubricant. The solid
lubricant is located away from the friction junction,and pressed
on to’thevmoving member of that junction. Wear cf the lubricant
causeé transfer to the friction junction and consequent

beneficial modification of the friction characteristics.



1.2.1 Stick-Slip Motion

The basic cause of stick slip as the fluctuation in friction
force at low relative sliding speeds was first observed by

Thomas (5) in experiments on friction forces at low velocities

of sliding.

Bowden and Leben (6) also conducted experiments on friction
force fluctuation at low sliding Speeds, paying particular
attention to the variation in static friction force due to

normal load and friction junction material variations.

Further experimental information was provided by Morgan et al
(7) who measured kinetic friction force against sliding
velocity. The method of measurement appeared to be rather
unsophisticated, involving conversion of slip displacements to
slip velocities by the taking of gradients. The results
demonstrated a drop from static to kinetic friction force for
all materials tested, with a long transition period for steel

on steel.

The time dependent nature of static friction force has figured
largely in experimental and theoretical work to date;

Rabinowicz (8) and Kragelski (9) have shown experimentally that

the static friction force is dependant upon the time of metallic
contact. Rabinowicz demonétrated a reduction in stick slip
amplitudes with increase in drive speed as a consequence of lack of

.junction growth i.e. reduction of time of metallic contact and



hence static friction force.

An analysis of stick slip motion was performed by Blok (10) in
which the dynamic friction model was one of a constant kinetic
friction force during slip following an instantaneous drop from
a constant static level. By considering an additional viscous

~ damping element in the system he determined a limiting condition
for the persistence of stick-slip after which smooth sliding of
the driven member occurred; Derjaguin et él (11) developed
this approach further, to the extent of demonstrating the
dependence of this stability condition on two dimensionless
groups - viscous damping coefficient and %szgﬁf—y. In
~addition they also attempted to consider th: Vargations in
friction force due to juncfion growth. A further dynamic
friction model involving an instantaneous drop in static
friction force followed by a negative damping relationship
continuous for the slip period,was also considered but cannot
be considered practically realistic. No experimental

evidence was presented.

Brockley et al (12) investigated theoretically the existence of
a critical velocity to bring about stability, for .a time
dependent parameter situation including viscous damping,using
the Blok dynamic friction model. Reasonable confirmation with
experimental results was achieved although soﬁe scatter is
evident and the number of results taken were quite small.
Banerjee (13) proposed a purely kinetic friction concept, mod-

elling the dynamic friction characteristic with a continuous Znd



order polynomial based on steady state experimental results.
His analysis showed the exisfence of a critical drive velocity
and demonstrated the way in which the velocity of sliding
returned to the impressed velocity under such conditions.. No
experimental confirmation of the analysis was included however.
By careful measurement of stick slip amplitude and comparison
with predictions from a non-linear analysis Symmons (14) showed
the drop from static to kinetic friction force during slip to

0.5 for aksteel on steel

be proportional to the(slip velocity)
junction. Bell and Burdekin (15) have produced a theoretical
analysis by considering two linearised dynamic friction models,
both based on a negative viscous damping concept for the

accelerating part of the slip; A negative damping gradient is

T. - T, :
defined as (7§—~——£)‘and a negative damping coefficient as

_.(Ts - Tk) bmax ) ] ] )
—=—————. The first analysis considered the negative damping
fmax 2v/KJ
effect to be continuous throughout slip; whilst the second,
a discontinuous model, considered z constant value of kinetic
friction force to be present for the decelerating part of the
slip period. For both models, relationships between maximum
slip Veiocity and negative damping coefficient and stick-slip
frequency were developed. Comparisons with experimental results
for a cast machine tool table were given. The stick slip fre-
quency graph failed to provide an adequate comparison between
theory and expefimentél results however, since it represented
the time interval between the commencement of successive vibra-
tions. A large proportion of this time period must be made up of
'stick time' and therefore it is difficult to assess the merit

of the analysis from this method of presentation. For the

former graph (maximum slip velocities) for values of negative



damping coefficient up to about 0.5, there was close agreement
between theory and experimental results. Experimental results
showing dynamic gradient as a function of impressed velocity
were negative for all natural frequencies examined (metal to
metal sliding). By'the introduction of polar lubricant the
friction dynamic gradient was modified and became zero at very
low velocities. This point of zero gradient was suggested by
Burdekin and Bell as being the condition at which stability would
occur in any system. Furthér analysis by the author of the
negative damping friction characteristic (see section 2.3) by
the inclusion of a positive damping term intc the system will
show that stability can in fact be induced when the friction
dynamic gradient is still negative. Earlier work by Burdekin
and Bell (16) had shown the presence of a dynamic friction’
characteristic with positive gradient at low siiding velocities
for cast iron surfaces lubricated by polar lubricants; a

system in which stick-slip vibration was not observed.

1.2.2 Transfer Lubrication Techniques

Recently Hemingray, Cowley and Burdekin (17, 18) have discussed
the use of plastics as part of a slideway joint to eliminate
vibrations due to stick slip and also reduce the friction forces.
When used in this manner however several ﬁndesirable features can
be prdduced. These include low wear resistance, as indicated

in results obtained by Lapidus (19) and.consequent hiéh'frequency
of overhauls and dimensional instability. Filling of the plastics
can increase the strength and reduce the wear rates but problems

of separation can arise due to differential coefficients of

thermal expansion.



The use of plastics as a lubricating medium by transferred

films of solid lubricants avoids some of these problems.

Devine, Lamson and Bowen (20) quote many examples of the trans-
fer lubrication technique being used in rigidly dfiven
situations with success. The dry lubricant is introduced between
two mating surfaces under load, usually by pressure contact with
one of the surfaces. Using é lubricant compcsed of molybdenum
disulphide, graphite and sodium silicate located in reservoir
pockets of a rolling element bearing the above authors |
demonstrated an extensionhof iife over unlubricated running of
up to 20 times. This transfer lubrication technique is
relatively simple to use ana avoids the costly surface prep?
aration and treatment hitherto found necessary for dry fiim
lubrication as indicated bf A C Wood (21). Similarly the
strength requirement for a bearing material acting as a load
carrying member is not necessary, since a relatively weak material
can wear at a sufficient rate to maintain replenishment of the
lubricant. J K Lanéaster (22, 23, 24) has provided extensive
information on lubrication by transferred films of sclid
41ubricahts, experiments béing conducted mostly on a pin and
disc, rigidly driven apparatus with the load applied vertically
tﬁrough the pin. Tranéfer tecok place from a iubricant compaét
located diametrically opposite the frictioﬁ interface and
provided for conpinuous.replenisﬁment.of the lubricant at
friction jpnctioﬁ. Using predominantly graphite,-p.f.f.e;

and mélybdenum disulphide he demonstrated the vélidity of the
lubrication by eQamining the surfaqés; deéiaring the 1ubricaﬁf

EAN



to have failed when scuffing of the surfaces occurred. Maximum
séuffing loads were found, indicating molybdenum diSulphide,
p.-t.f.e. and graphite, in that order, as suppofting the highest
- loads. The speed of sliding of the junction was 60 cm/s and
surface finish 30ﬁin (0.75um) C.L.A. for steel on steel. With
the same speed, surface finish and material, evidence was also
produced to show that althcugh continuous replenishment of the
lubricant extends the life of the bearing surface it is still a

finite rather than infinite process.

Using thié technique in a stick slip situation involves the
action of two dynamic friction characteristics on the driven
member, that of the metal to metal interface and that of the
transfer lubricant tb metal interface. The metal to metal inter-
face characteristic is modified by the lubricant transferred to
the junction until a coherent film of lubricant is formed and
the lubricant to metal characteristic governs the motion of

the driven member. For a suitable lubricant this will cause
the elimination of stick slip. However any positive viscous
damping effect from the dynamic characteristic of the transfer
lubricant itself acting upon the driven member can assist in
eliminating the stick slip under minimal lubricant film
conditions at the friction junctiom. Dynamic friction
characteristics of the dry lubricants to be used‘in“tﬁe ex-
perimentai‘programme are not available, but steédf state
measﬁrements by Hemingray (17) and Lewis (25) showed an
increase in friction force for increasing sliding velocity'

for p.t.f.e. and graphite rubbiﬂg on steel. This encourages the

author to propose a dynamic friction model for the transfer



lubricants based upon a constant Coulomb resistance together
with a positive viscous damping resistance. Thﬁs it seems
possible that transfer lubrication of solid lubricant films
can provide a simple solution to the problems of stick-slip
vibratory motion ahd present itself as a viable alternative
to the use of plastics as a structural material such as

happens in slideways.

1.3 Objectives of Investigation

From the foregoing it was proposed to examine ‘expérimentally
the circumstances in which transfer lubrication could be
successful in eliminating stick slip vibrations and
theoretically explain the method of elimination in terms of
stabiiity relationships brbﬁght about by the dynamic viscous
damping action of the dry lubricant. This necessitated
comparison of the upper and lower bound linearised dynamic
friction model theories under unlubricated conditions, measure-
ment of the dynamic viscous action of the dry lubricant under
transfer lubricated conditions and comparison of experimental
transfer lubricated results with theoretical stability relation-
ships developed using the above stick slip dynamic friction

models.



Fig 1.1 Rotatidnal Stick Slip Configuration

Fig 1.2 Translational Stick Slip Configuration
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"CHAPTER”ZV{“THEORETICAL ANALYSES

2.1 ‘Introduction

Two linearised dynamic friction models are used in sections

2.2 and 2.3 in proﬁiding an analysis of stick-slip motion in

a rotating system. The constant static, instantaneous constant
kinetic friction torque model shown in fig. 2.1 was first
suggested by Blok. Utilising this model, the analysis of
section 2.2 examines various stick-slip properties in terms

of the dimensionless parameter %szg;TET' A stability
relationship is also determined for the system subjected to
viscous damping which demonstrates that value of viscous damping

which will eliminate vibrations for any particular value of"

the dimensionless parameter.

The second dynamic friction model considered is shown in fig.
2.2 where the drop from a static friction torque to a kiqetic
friction torque is linear for the acceleration pneriod and

the kinetic friction torque is considered constant for the
deceleration period. This model will be called a negative
damping model. Stick-slip properties are againfdetermined and a
stability condition demonstrated, depending upon applied viscous
damping. As previously mentioned Symmons demonstrated the

drop from static friction force to friction force at maximum
slip velocity to be proportional to (slip velocity)O'S;

However thé method he used, of comparing measured amplitudes

to theoretical amplitudes based on non-linear analysis, indicated

stick slip amplitude to be insensitive to variations in the

shape of the dynamic friction model. Confirmation of this was



pfovided by Cockerham and Cole (261, in an analogue simulation

of unlubricated stick slip for a selection of non-linear friction
characteristics. They showed amplitude of vibrations to be
almost directly proportional to (Ts - Tk) for a variety of
friction charaéteristics. Amplitude of vibrations is therefore
considered an unsuitable basis for comparison of the accuracy of.
the above linearised model theories and will not be used

extensively for comparison purpcses.

Stability conditions for both theories rely upon the incofporation
of a viscous damping element into the system and measurements

by previous workers suggest dry lubricants exhibit such damping
properties. It is therefore necessary in the experimental
programme to determine a value of viscous damping for each
lubricant. A dynamic friction model for the dry lubricant consis-
ting of coulomb plus linear viscous damping is suggested and an
expfession is developed in section 2.5 from which the components
of dry lubricant friction can be evaluated. This is achieved

from an amplitude résponse curve obtained by applying an initial
displacement fo a mass-spring system subjected to dry lubricant
aamping. '

2.2 Stick-Slip Analvsis for Blok Dynamic Friction Mcdel

Consider the friction force velocitf characteristic as shown
in Fig. 2.1 with a constant static value of friction torque TS
instantanedusly falling to a constant kinetic friction torque
value Ty. Considering the forces acting on the disc as shown

in Fig. 1.1,.the equation of motion is given by:



‘Jg + C8 + K6 = Ko - (£T,) the direction of TK.dependS

K/

.upon the direction of
velocity 6

w o C K X LTIx

3] +j:e +3-6 =j¢ - (i-'j"}

Solving for ©
T L[] -—g;t-
6 = ¢ - 1% - %? + ez‘J (A cos wt + B sin wt)

Boundary conditions:-
At t =0, 86 =0, 8 =0and ¢ = Tg/g
Resuiting in the following values for A and B:

_ -1 ;
A-— TT(TS - TK - Co)

- _-C : ¢
B = agwTs - Tx - C0) -

A

Giving the complete solution as follows:-

"Ct [
Tx 3 57 (Tqg - Ty - C -
K Co eZJ(( S KK ¢) cos wt + ('—_ZJCKW
(Tg - Tg = C§) + )

Sin Wt) seeeeseaeas (1)

.. the difference between the drive and driven displacement

is given by
L (1g - T . cé)
2J LS 7 2K = _ ~ C
( X cos wt *+ (77%w

(Tg -~ Ty - € + D)

Tk, cé
¢-6——K—+-—K—+e

Sin Wt) .c.ceseccess(2)

In order to determine the value of ¢ - 9 it is necessary to

find the value of wt for the occurrence of stick-slip.



- Stick-slip period -

Stick will re-occur when 6 = O.

From equation (1) therefore, differentiating and letting

c/2J = qp
§ = ¢ + (-ue™™ (A cos wt + B sin wt) + we Mt
(-A sin wt + B cos wt)
where A = :l(T - T, - C9) B = ox(Te - Ty - Cé) - é
K*'S K KW 'S K W

oo 6 = ¢ - e'“t cos wt (pA - wB) - e-plt sin wt (uB + wA)
s . —ut U _ 3 P_ _ - .
6 =¢ - e (cos wt (—K (TS - TK Co) + X (TS TK C¢)

. ] -u? . pé W .
+ ¢) + sin wt (jﬁv (TS - TK - C¢) "W "X (TS - TK - C¢)D

Te - Ty
letting 1/9 = £;§____£l and C, = %L
¢ vKJ | 1
' :El__gwt :Eé___wt
6 = ¢-(1 - e’I7C2%  os wt - ¢”1°C2 sin wt,‘(gé————
/IC;7
'%Vl'Cz) ..Ql.0.00.00'-.'.0...0-.0...'..-.c.‘tt. (3)
equating 6 to zero gives
-C2 ..
- Wt .
1 f:e'l—czz cos wt: = sin wt, (Cz’ -1 l)

e vI=C,Z /I=Cz Y
2 “th ® & 0 © & 0 & 8 6 ¢ O O 00 0 00 00 (4)

eVl—sz
Solving for wt, and ¢ for selected values of C, gives the graph
- of fig. 2.3. Using these values of wt; in equation (2) gives
the relative displacement of driver to driven (¢-8), for any

situation.

The values of wt; are converted to non-dimensional form as



follows: -~

_2m _ 2mw _ 2Tw; V]l - C,2

slip frequency, Wg

t;  wt, Wi,
. o -
* ’ S . Zm/l-cp? (see fig. 2.4)

. WT wt,

It can be seen from figs. 2.3 and 2.4 that each curve tends
towards a maximum i.e. a point where the condition for stick-
slip is no longer valid, from which a condition for stability

(i.e. no stick slip vibrations) can be determined.

From equation (4)

- Fh'tl_ G

1 - e ™os wt, = sin wt, Fe y sin wt.e-AW”

Ca
Vl-sz

Co

Vl-sz

where F

(op]
i

Re-arranging for ¢ gives

_ G sin wt, e TWE

Y .
. -Fut
cos wt, + sin wt, Fe W

“Fut o wt, + sin wt,Fe_th)

o dy- e
..m,—tj"(l‘*e

(-G sin wt.Fe'FWt'+ G cos wt, e
-Fwn)(;e-Awh

—Pwtg

Fwty

- (G sin wt, e sin wt, - Fe~ cos wt, -

F2sin wt,e—FWt‘+ F cos wt.e_Fwﬁ)
Equating to zero and re-arranging gives
e-FWt’+ sin wt, (F-1) (1 + e-FWt‘cos wt) = 0,

which for discrete values of c, gives the value of wt,

corresponding to ¥ and hence the stability condition

max



indicated in fig. 2.5.

Acceleration time period

From equation (3)

Fwt -Fwt

6 = (1 - e cos wt - e sin wt (F —.%))é ceose (5)

The maximum velocity occurs when g% =0

-Fwt -Fwt

i.e. 0 = we sin wt + Fwe cos wt - (F ?_%)

Fwt

“FWtoos wt - Fwe T%lsin wt)

(we

Re-arranging gives

v1-C,2 .

tan wta = Co = U where t, represents the acceleration

time period

- This relationship is shown in fig. 2.6 with wt, converted to

wits.

Maximum slip velocity

Utilising information from fig. 2.6 in equation (5) gives
maximum slip velocity as a function of drive velocity -
'Gw?x =1 - ¢ FWt2
¢

- _ e-Fwtz
which is shown in fig. 2.7 for selected values of c,.

cos wty

sin wta (F - %)

2.3 Stick Slip Analysis for Negative Damping Dynamic Friction

" Model -

Since the friction-velocity characteristic is discontinuous
(see fig. 2.2) the motion must be considered in two parts -

‘acceleration and deceleration.



Consider the acceleration phase of the friction characteristic
shown in fig. 2.2.
Ts - Tk

émax
applied viscous damping.

Where CF , negative friction damping; C = positive

For the rotational system of fig. 1.1 the equation of motion is

given by:
Jé + (C - Cp) 6 + Ko =Ko - (¢Tg) (sign according to 8)

Solving for 6 gives

-(C - Ccp)t
T C -Cg). 7 4
8 = ¢ - ﬁ? - £——7(—£1¢ + e 2J (D cos wot + E sin wyt)
Boundary conditions
Ts

att =0, 6 =0, § =0 and ¢ = <

c - Cp).
resulting in D £——7(—El¢

$ . (C - Cp)?
E = W2 ( 2JK -1

2c7% -1

. -Cr
'T'-‘ ZC . ‘/ - wzt 5
S T¢ + e 1 CT2 éﬂ (ZCT cos wpt + (—_“:"E_?

- Sin Wat) veveeecccseses (6)
whare Cr =(C'/3_*C|¢,\ ,

Acceleration time period

-CT wat
+ _ d6 . /T—E——— 0 C . T
8 = 9z = ¢ - de (cos wat + 7—;——7 sin Wat) ceeeeees (7)
Hf_CT vyt ! CT/
. . 71_ Tz
8 = de Cr® sin Wat (ol )
/1-CT

.

Equating 6 to zero gives the value of w,t for maximum slip

velocity i.e. O = sin wat,

woty, = 0, 7 etc.



The value of wpot, is converted to w;t, and shown in fig. 2.8.
Substituting waot = T in equation (7) gives the maximum slip

velocity -

6max=é(1 +e T ) ....'.......’....I..'.......‘..".I (8)

The ratio of maximum slip velocity to drive velocity is shown

in fig. 2.9 as a function of C,, for various values of C,.

Deceleration period

The equation of motion for the deceleration phase contains a
constant kinetic friction force Ty and a positive applied

viscous damping term C (see fig. 2.2).
S JB + C8 + Ko = Ko -, (2Ty)

Solving for 6 gives

- —ct

~
Aip)
J

(Alcos wt + Blsin Wt) ..eceveeccencas

Boundary conditions:- :
. ’ _CT

- * L] [ ] - Tr -
at t = 0, § = dmax = §(1 + e”1Cr2y & -0

Resulting in _
-Ct m -C

T
_2C, VI-C.Z; o _ (1-2C22) VI-C2's
Al = =222 "7 TNT ¢ Bl = ez et T §

1
=CT 7 -C,

Stick will re-occur when 8 = 0O

_Cz'wta -CT (i )
-C,2 /1-C..2 . - .
= e)/l Lz .e/l CT .(Cos wta + %W sSin Wt3) ecevecace (10)

eooo-1

is the condition for stick slip to occur.



This enables a plot of C; against wt; to be made for a
selection of values of C; (since C; = C, - CT) where
ty = deceleration period. (see fig. 2.10). The values of

wts are converted to w,t; by dividing by V1 - C,2.

Frequency of stick slip vibrations

Total slip time period is the sum of acceleration and

deceleration time periods

S Wity = wits + wits

Hence slip frequency
i 2 . Ws _ 2m .
'S t) Wi wit
The ratio of slip freduency to natural frequency is shown in
fig. 2.11 plotted against C; - negative damping friction
‘coefficient, for selected values of C, - appiied viscous damping

coefficient.

" Limiting conditions for stability

From fig. 2.10 it can be seen that the curves tend to a minimum,
giving rise to a situation where stick does not re-occur,
i.e. stability is achieved. Differentiating equation (10)

with respect to wts where Cz is a constant gives the following:

» -Ct 7 . " Cp wts
0= -e l-CTz(COS wty + g%:ﬁ;? sin wti) %%:C;?e 1-C,2
: -Cs ‘CT T
wt
L JTITEvts

(e;I-CTz(-sin Wt 7T—E_7C°S th)

)]

+ (cos wts + S%TCZ— 51n th)aﬁf—

m((l cr? )2—(1)0; )7E



From which

dCt C,? . .
Iwe; - 0 = (Tig;w) sin wts, gives wty =

Substituting wt; = m into equation (10) gives
“Co m - “Crm
-1 = —e’17C2% V1-CT% 55 the stability condition.

Since C; is negative this condition is satisfied when

Cp, = —CT which is shown in fig. 2.12 as C; = 2C,.

2.4.1 CompariSon of relative displacements and slip velocities

Theoretical relative displacements and relative slip velocities
are presented in figs. 2.13 and 2.14 as an indication of the
variation Qf stick slip properties with dynamié friction model,
together with the efféct of viscous damping on the system. The
assﬁmed system parameters for the caliculations are as follows;

spring stiffness K = 5.5Nm/rad, system inertia J = 3.5 x 10~ 3*Kgm?,

1

static friction torque TS = 0.25Nm, drive velocity $ = 0.1 rad/s.

For the ﬁegative damping coefficient friction model a value of
0.4 for C; is assumed giving the relative displacement and
slip velocity distributions shown in fig. 2.13. Procgressive
inclusion of a positivé viscous damping coefficient C, reduces
the maximum slip velocity and re-stick relative displacement
and increases the slip time period. When the vélueléf Ca2
reaches the critical value of half the negative damping
coefficient C; then the slip velocity becomes continuous and

decays to the drive speed ¢, and the relative displacement also

becomes continuous.



Taking a value of 0.055Nm for (TS ~.TK) gives a Blok
parameter of ¢ = 0.25 for use in the appropriate equations.
Theoretical values of slip velocity and relative displacements
are calculated and shown in fig. 2.14 for no damping.
Increasing the viscous damping coefficient gives a similar
effect as for the négative damping model. A value of _—
C, = 0;68 obtained from the stability relationship of fig. é.ﬁ

produces continuous slip velocity and relative displacement,

i.e. stability.

2.4.2 Stick-Slip Amplitude and its variation with System

" Parameters

The theoretical amplitude of vibrations is given by the
difference between the maximum relative displacemeﬁt and the
minimum relative displacement. The latter is available
using the relative displacement equations and values of wt,
from figs. 2.3 and 2.11. Maximum relative displacements,

however do not occur at the initial point of slip. This

maximum will occur %henbé%(¢—6) = 0.

I

For Blok friction model differentiating equation (3) with

respect to time and equating to zero gives

O = cos wt + sin wt ¥Cp - 1
WTI - C,2
. _ /1 = C,2 : T
glvlng tanwtu—wcz-l .........'.........'..'..‘........‘ (11)

where t, = time period of maximum displacement.

For negative damping coefficient model differentiating equation

(6) with respect to time and equating to zero gives

T s

"R U

Sk




-CT Wyt
0=c¢e T (cos wot + m sin Wzt)
giVing taan'tL,='--Ci——C'L2 --oooooo--..o;-onctn.to.---o (12)
T

Using the condition represented by eQuation (11) in equation (2)
and the condition represented by equation (12) in equation (6)

thus enables maximum relative displacements and hence stick slip
amplitudes to be obtained.

As an indication of the effect of varying syétem pérameters

on the theoretical amplitude of stick slip, graphs of amplitude
ére presented in figs. 2.15 and 16 for variations in spring
stiffness, system inertia, drive velocity and dynamic friction
values. Using a nominal value of C, = 0.4 for the negative
damping coefficient theory gives fig. 2.16 and a value of

(TS - Ty) = 0.055Nm for the Blok model theory gives fig. 2.15.

It can be seen from thése graphs that increasing spring stiffness
values causes a reduction in stick slip amplitudes for both
theories, the rate of amplitude reduction being almost identical.
Cbmparing the éffects of variation of ¢ and J shows considerable
difference between the two theories. For the Blok model theory
the amplitude of vibrations is practically independent of $ and
J, showing slight decreases for increasing drive speed and
system ineftia. However for the negative damping coefficient
model theory considerable reduction in amplitude occurs for

"decreasing values of drive velocity and system inertia.

Variations in stick slip amplitude with dynamic friction model
are shown in fig. 2.17. Amplitude of vibrations is seen to be

directly proportional to (TS -'TK) levels, but increases



exponentially with C, wvalues. Above negative damping
coefficient values of 0.4 large increases in vibration

amplitude are evident.

As suggested in Chapter 1, the dynamic friction model for the
transfer lubricant acting on the disc is considered to consist
of a coulomb friction resisfahée; together with a positive
viscous damping resistance. If this model is accurate then
~difficulty will be experienced in quantifying the friction
components by direct measurement. In order to separate and
evaluate the coulomb and viscous friction components of the
dry lubricants, a method proposed by Kennedy (27) is utilised,
necessitating the modification of initial displacement amp-

litude response curves as follows.

Consider a characteristic made up of coulomb damping (T) plus
positive viscous damping (C), then the equation of motion for
a freely vibrating torsional mass-spring system subjected to

such damping is
JB + cd + Ko = =T
For 1st half cycle T is positive

oo g = % + Me-“t cos (wt - o) where M is a constant,.
o a constant phase angle

for an initial displacement of & = 60 at t = o,



First peak occurs at wt = 7
. T °°'%_’w£
.o -0, = x EBET:ETe cos (m - a)
-um
8, = %g + (6o - %) eTF

-y
. -T T\ W
) 62 =‘T<‘+b (61 "'I—(') ew
In terms of 6o gives i
-y ~2um
_ =T =2T w _ T W
02 —»—K‘—K—’e + (6o 'K) e
-um -2um -3uw
- .T 2T _w _2T _w _ W
63 = T Te e e + (6o )e
In general terms for 'n' peéks
-num -um  -2um -(n-1)um
= -T T w _2T W W W
én = < * (6o K) X (e + e vee € )
-num -um -um -(n=-2)umw
-T T v 2T W
=5 * (60 - ) ‘-K(ew(1+e ce. € )
~num 1 +e-l'1.1_r.
= - T w _ T
en' (90 'K) e K{l -u'ﬂ' ® € 0 00 8 0 8 @ 00 00000 ¢ 00 00 00
¢ W

Therefore a plot of the successive peak amplitudes of such a

system subjected to initial displacement can be modified by

adding the constant value K{

1l +e

1 --¢

relationship is obtained.

-UTn
W

-uT

} until an exponential

The ratio of amplitudes of the modified values is used in

finding the viscous component cof damping (c), and the constant

value added is used to'determine~the coulomb component of

damping (T).'.

(13)
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Fig 2.12

c, Vs c, showing stability condition for negative damping model thecry
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3.1 Introduction

The basic requirement of the apparatus designed,was one of
prbviding a means of examining stick slip motion for the
variation of a selection of system parameters. These parameters
were as follows; applied normal 10ad,.drive speed, drive
stiffness, junction surface finish, junctioh material and
driven disc. The stick slip properties to be measured were
stick slip amplitude, slip velocity, slip frequency and

dynamic friction forces.

3.2 Stick-slip machine

Several items were available from an apparatus originally
designed by G R Symmons (14) to investigate stick slip motion.
This was a rotational system enabling continuous generation
and measurement of the stick slip oscillations. The items
available were as follows:~

(1) Pair of hydrostatic journal bearings to support a rotor.
(2) Rotor to carry interchangeable discs, and

(3) Mercury bath to transmit displacemeﬁt signals.

Items (1) and (2) are shown in fig. 3.1 and item (3) is shown

in fig. 3.2.

The first requirement of a continuously driven mass supported
with minimal frictional resistance was thus satisfied by
items (1) and (2) above. A second element was required to

operate as the friction junction 7rigid member with facility



for normal load application and variaticn on to the moving disc.
At this stage there was a choice of loading action, either

radial on to the disc edge or axial on to a disc face. The

former provides an arc area of contact witﬁ constant velocity

at the friction junction, the latter system achieving a flat
contact area but giving a variable junction velocity across

the friction interface. The system selected was one involving two
diametrically opposed pneumatically loaded pistons acting on

the circumference of the disc.

Fig. 3.1 shows details of the loading arrangement, with the
piston located in a cylinder having compressed air supplied to

it from the compressor via a gauge and filter. A Key and

Keyway in the piston prevented rotation and a replaceable element
was located within the piston with a grubscrew'which provided for
interchangeability of the friction junction materials. The
hydrostatic bearing journals were mounted in vee blocks with
removable clamps to enable quick release. In this way the friction
interface between piston and disc could be varied to provide a
selection of junction surface finishes and ‘materials. A hacksaw
blade was incorporated as the elastic drive member necessary to
Ering abaué stick slip vibrations in the system. The drive to
the system was required to prdvide low but variable speeds, ahd
was achieved utilising a "Kopp" unitAfrom Allspeeds of
Accrington, type MSR3. This consisted of a'0.375'kw; 960 rev/min
motor drivfng a ball and disc, handwheel controiled, variable
speed unit which in turn drives a 30:1 fixed reduction gear box.
An output speed range of 10 - 90 rev/min obtained from this

‘unit was then further reduced By a 2:1 vee belt drive and type
n22" 10:1 worm and wheel fixed reduction gearbox manufactured

by Crofts of Bradford. This brought about a final system ro-



tational speed range of 0.05 to 0.5 rad/s. Changing the vee
belt pulleys to bring about a 5:1 reduction ratio further

reduced the minimum drive speed to 0.02 rad/s. The complete

stick-slip machine is shown in fig. 3.3,

3.3 ‘Instrumentation

It was necessary to instrument the apparatus to provide facil-
ities for measuring the following properties of stick-slip
vibrations; amplitude and freQuency of vibrations, friction
forces, and instantaneous slip velocity. Strain gauges were
located at 45° to the longitudinal axis, on oppbsite sides of
the torsional spring (hacksaw blade) and incorporated into a
wheatstone bridge with two dummy gauges for temperature
compensation. This pfovided a measure of the relative dis-
placemént between driving and driven member, the arrangement

being shown in fig. 3.4.

Since the strain gauges were located on a rotating member it
was necessary to transfer the signal to a fixed set of
terminals for conditioning and display. The device used was
the copper finned Tufnol insulated rotor connected to the

torsional spring and rotating in a fixed 4-section mercury bath,
mentioned earlier. Signals from the gauges pass tc fixed

terminals via the rotor fins and mercury baths. (see fig. 3.2).

‘The friction forces at the piston and disc interface were
measured directly from the piston itself. By creating a
reduced spindle diameter on the cylinder and allowing a small

extension from it's base bracket, a simple cantilever system




was produced which deflected slightly under the transverse
loading brought about by frictional contact at the piston and
disc interface. Locating strain gauges on the top and bottom
surface of this reduced portion of the piston, enabled a

measure of the friction force to be obtained. As the friction
force varies rapidly with time it was necessary to have a high
natural frequency for the arrangemeﬁt to obtain a faithful
reproduction of the friction force. In addition, high

transverse stiffness minimised the deflection of the piston

thus maintaining a close approximation to the ideal situation

of rigidity in the piston. This high cantilever stiffness
reduced the available signal from the strain gauges and the final
design was a compromise resulting in a maximum piston
displacement of 25um and a natural frequency of approximately
210Hz. The signal obtained from this device was amplified by a
factor of 50 for display purposes. This resulted in a noise prob-
lem of 50Hz frequency. It was considered acceptable to filter
the friction force signal and in order to minimise amplitude
attenuation at critical frequencies an inductance-capacitance

low pass filter with a cut off frequency of 40Hz was designed and
is shown in fig. 3.5. Fig. 3.6 shows details cf the frequency-
amplitude response obtained_from this filter by feeding a

variety of waveform signals with constant amplitude from an
oscillator into the filter and monitoring the output from it. It
can be seen that acceptable attenuation of the signéi—ié produced

for frequencies relevant to the investigation.

For the measurement of the slip velocity of the disc it was



decided to use a tachogenerator located on a spring loaded
swinging arm. A rubber rimmed pulley was fastened on to the
generator spindle énd motion imparted to it from the disc by

a rubber ring fastened to the extended rotor on which the disc
was located. The generator provided 7 volts output per 1000
rev/min spindle speed. A1l three signals were fed via amplifiers
to a u.v. recorder using galvanometers with natural frequencies
of 1000Hz.. Fig. 3.7 illustrates the instrumentation used an

the stick slip machine.

3.4 Calibration and Specimen Preparation

External calibration was performed for the measurement of
torsional spring displacement, friction force and slip velocity

as follows.

vIn order to calibrate the torsional spring it was disconnected
from the main roter and then supported in a flat horizontal
position by the use of a screw-jack. A torque arm of 0.4m
length was then clamped at the end of the spring in the same
position as the connection to the rotor had been."By applying
loads to one end of the torque arm and measuring its deflection
a calibration curve of angular displacement of torsional spring
vs u.v. recorder reading (fig. 3.8) was obtained. Fig; 3.9
shows the spring dlsnlacement plotted against applled loads on
the torque arm from which a Value for tor51onal sprlng stiffness
was obtained. This procedure was repeated for three dlfferent i
springs giving stiffness values of 7.3, 16.3 and 31Nm/rad
respectively. By subjecting the disc and torsional spring

system to free vibrations following an initia 1 displacement the |
‘system frequency and hence disc and rotor inertia were obtained :

(fig. 2.10). Using each of the springs in turn system



frequencies of 6.6, 10 and 13,7Hz were measured giving an

average disc inertia value of 4 x 10“3Kgm2.

In order to calibrate the friction force transducer the bracket
holding the piston cantilever was clamped in a position away
from the rotor arrangement. The piston itsel-f was located a
fixed distance from the bracket boss and weights suspended from
the end of the piston using thin wire. Calibration graph

fig. 3.11, showing piston transverse load against u.v. recorder

displacement was thus produced.

To effect angular speed calibration the main rotor was run and

cn*ri checked manually with a stop watch. By adjusting

~ ) speed box, graphs of speed setting vs.

o f
f
; K ,15 c ¢ S angular velocity vs u.v. recorder displace-
]
£

S igs. 3.12 and 3.13).
£ k \ T, . ,
P TJ 0O w 1°ns used for the test were restricted to
- p A Mlubricants. Discs of mild steel ENIB and
A A

5 7N > x”N (BS1452) were made,together with piston

t ® 1 and also carbon graphite and ptfe pistons
> Q 3 (2
A $§ 5 3 ‘was used toproduce an appropriate surface
0 f A
858U K ircumference. Three values of surface finis
& C . . . . .
it of the profile in the direction of
J fb
0 ¢ fed using the radial arm attachment on the
X ¥
s rf Model 5 (fig. 3.14). Several
X o

ken at various positions around the disc,
ted provided each of the surface finish
measurements wms within a tolerance band of +10% of the norm

value. Typical surface profile traces and measurements are



shown in fig. 3.15 for 0.03in (0.75mm) cut off wavelength, stroke
setfing K. Surface finishes of 20, 30 and 45 upins (0.5, 0.75
and 1.1um) CLA were utilised. These are identified as SFI,

SFII and SFIII respectively throughout the remainder of the

thesis.

3.5 Tolerances in Experimental Measurements

]

An estimation has been made of the % tolerances (or % uncertain-
ty) in the system parameters and experimental results due to

the random errors associated with calibration and primary
measufemenfs. These errors have been considered to be due to
equipment error and observation error. Where derived results have
been produced from combinations of other results the following

procedure has been adopted.

For a result P as a function of independent variables a, b,

c etc.
P = £(a, b, ¢)

If Xp > x;, Xy, X, are the errors associated with P, a, b, c

then
2 _ (9P 2 9P 2
Xp® = (53 Xg)" * (5 Xp)° * ..

- System Parameters

Assuming a tolerance of #1% in the weights used for calculating
the spring stiffness together with an observation tolerance of

+1% in the measurecment of the torque arm radius and spring

angular deflection then spring stiffness (s) = weight (w) x
radius arm (1)/vertical deflection of radiué arm {8)/radius

arm (1).



wi?

ineo S = T
2 = _8_5 2 .3_5_ 2 _a_S 2
Xs (8w xw) " 31 xl) * (86 xﬁ)
2 _ wl? XWs 2 2wl? o x1 2 _Wl'ZX(S 2
X = 57 G T )
i.e. (% error in s)? = (% error in w)2 + (2 x % error in 1)?2

'+ (% error in §)?

oo % error in spring stiffness = */6%.

The natural frequency of the system was evaluated from u.v.
recordings having an estimated timing accuracy of #2% together
with an observation tolerance of *1%, giving */5% as the

tolerance for system frequency measurements.

System frequency was used together with spring stiffness to
calculate the system inertia. Since inertia is a direct
function of spring stiffness and dependent upon 1/(frequency)?

then the error associated with the inertia results is

oe

/20 + 6

+/26%. For the system drive speed an estimated
+2% setéing error in the 'Kopp Box', *1% e?ror in the tacho-
generator, *1% error in the stop watch and #1% observation
error in'the timing and recording produced a total drive speed
tolerance of */8%.

" Stick-Slip Results - -

The friction torque measurements were considered subject to
an estimated equipment tolerance of /2% (*1% strain gauge

tolerance and #1% calibration weight tolerance), and an



observation tolerance on the u.v. recordings of #*1%.

Additionally the location of the friction torque measuring
device provided a further source of error. Estimating this
at *2% provided a total uncertainty in the friction torque

results of */7%.

Relative displacement errors made up of observation error in the
calibration process of */2%, strain gauge tolerance of *1% and
u.v. recording observation errors of *1% produced a total

tolerance on this measurement of *2%.

For the measurement of slip velocities the component
measurements are fhose associated with drive speed with the ex-
ception of 'Kopp Box"settiﬁg. Consequently a +2% tolerance on
slip velocities resulted. Viscous damping results were
calculated from vibration amplitude ratios and system parameters.

From equation (13)

81 . ((-1)EF

°n

-log_(R)2Jw
c = &
(n-1)m

where R = 61/6n

Giving viscous damping coefficient as
~ loge(R)w

€z = Tm=1)mw,

R log (R) - =log (R)w
Sooox2 =T L Xp}? 4 {2 x }2 ¢ {2 ——.x  }?
cz  “(R)y(n-1)mw;""R (m-D)mw,; “w (n-1)m W1

/] ‘ 3
. - ¢% error in (R).2 . . %2
. % I in \2 = 2 L + % TTroTrY 1N Wi
. (o error Cz_. { T TR) J {% e 1

+ {-% error in w;}?



The amplitude ratio measurements contribute significantly
to the total error in the viscous damping coefficient especially
for low R values. Assuming a tolerance of *5% in producing

the amplitude ratio values, a minimum log R factor of 0.4, and

1+
(NS N
o

for both frequency measurements produced a total tolerance

for c, of +13%.

Tolerance on Blok parameter due to individual tolerances

becomes */8+8+7% = */23%.

Similarly negative damping coefficient results are subject

to a tolerance of */7+8+4% = +/10%.

The system parameters with estimated tolerances, and measured

results estimated tolerances are given below.

‘ Estimated
Parameter Measured Value Tolerance (%)
Spring Stiffness 7.3,16.3531.0Nm/rad +2.4
Inertia 0.004Kgm 5.1
Natural frequency 6.6,10.0,13.7Hz 2.2
Measured Result Estimated

" Tolerance (%)

Friction torque 2.6
Relative displacement : - 2.0
Slip frequency +2.2
Slip velocity : +2.0
Drive speed ' ' +2.8
Viscous damping coefficient +13.0
Blok parameter / . - —%4.8
Negative damping coefficient ' 4.4

3.6 Experimental Procedure

The first requirement of the experimental programme was to

examine the dynamic friction characteristics of the cast iron



and steel combinations for qualitative comparison with the
linearised dynamic friction models. This was achieved by
feeding fhe friction force and slip velocity signals respec-
tively to the vertical and horizontal axes of an cscilloscope.
Polaroid photographs of the dynamic friction characteristics
were then obtained and used as a qualitative guide to the
accuracy of the linearised models. As the system parameters
were varied, occasional photographic traces were taken as a
check on the shape of the friction characteristic. Quantitative
results were obtained from u.v. recordings of fricticn torque,
slip vé1ocity and relative displacement between driver and
driven disc. Slow paper speed was set on the recorder so as to
enable slip time and hence slip frequency to be measured
accurately. From these readings the governing parameters ¥ and
C: for each theory were evaluated and ccmparison made between

theory and experimental results.

Tests conducted to examine the effect of transfer lubricant

on stick slip motion necessitated the replacement of one metal
piston by a dry bearing compact enabling transfer of the dry
lubricant to the metal junction. The effect of variations in
normal load, surface finish, system frequency and metal and
lubricant combinations were monitored. Since both theories
suggest the elimination to be brought about by transferred
lubricant modifying the negative metal to metal dynamic-
friction characteristic togéther with a viscous damping action
from the transfef lubricant, then these two characteristics

required examination. At regular intervals throughout the



selected tests, the stick-slip machine was stopped. The dry
lubricant piston was removed from contact with the disc and
readings taken with the metal piston only in contact.

Running the machine briefly gave results from which the modified
dynamic friction characteristics of the stick slip junction were
obtained. The dry lubricant piston was then brought back into
contact with the disc and the metal piston removed. With the
drive end of the machine stationary, the disc was ;ubjected to
an initial displacement and allowed to vibrate under the influence
of the dry lubricant. Measurement of successive disc amplitudes
enabled the theory of section 2.4 to be used in determining the

individual coulomb and viscous components of damping.

Prior to the commencement of all tests the friction junctions were

chemically cleaned with carbon tetrachloride.



Fig 3ci Rotor and disc in journals with piston acting radially on disc

Fig 3c2 Mercury bath with copper finned tufnol insulated rotor



Fig 3.3 Complete stick slip apparatus




Fig 3.5 Friction force filter circuit

input output
o o
LK = inductance = 150 mH
CK = capitance = 200 pF
RT = additional resistance across galvanometer
fc = cut-off frequency = 40 Hz
2L, =2 R=1 x40 x 300 x 107
K 'nfc :
R = 400
' 1 - 10° ,
also G FR R T WmoxTx 40
R = 40Q
If RG = galvanometer resistance = 1150
1 _1 1
then = = —— + —-
RORp Rg

i .11 1 1 1

RT R RG 40 115 65

RT = 65Q

i.e. LK = 150 mH .

CK = 200 WF for cut-off frequency of 40 Hz

)
)
)
)
Rr = 650 ;

(V4



Fig 3.6(a) Friction force filter output for 0.1/Hz square wave input
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Fig 3.6(b) Friction force filter output for 3Hz square wave input



Fig 3.6(c) Friction force filter output for 20Hz truncated saw tooth input
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Fig 3.10 Free vibrations of disc and spring (7.3Nm/rad stiffness)
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Fig 3.14 Taylor-Hobson Talysurf set up to measure along disc circumference



Fig 3.15 Typical disc surface profiles taken along circumference

MADE IN ENGLAND 112/329

RANK TAYLOR HOBSO>N LEICESTER

a) horizontal magnification = 20 vertical magnification = 10,000
surface finish = .14 CLA pins (0.35pm)

112/329 MADE IN ENGLAND

RANK TAYLOR HOBSON LEICESTER

b) horizontal magnification = 20 vertical magnification = 5000
surface finish = 28 CLA pins (0.7pm)



CHAPTER 4 : EXPERIMENTAL RESULTS AND COMPARISON WITH THEORIES

FOR UNLUBRICATED STICK SLIP

4.1 Dynamic friction characteristics

Fig. 4.1 shows oscilloscope photographs of friction force-slip
velocity characteristics for steel and cast iron friction
junctions respectively. The traces were obtained for

variations in system frequency, drive speed and surface finish.

The friction level at zero velocity reduces with increase in
velocity, the shape of the drop not being easily definable
although it always appears to be of concave form i.e. inside
a negative damping model. For the deceleration phase the
friction level 1is generally constant although some increase
is noticeable and very occasionally some decrease in friction

force occurs.

It can be seen therefore that the actual friction
characteristics fall Dbetween the upper and lower linearised

models suggested in Chapter 2.

4.2 Comparison of Experimental Results with Linearised Theories
As stated in Chapter 2, amplitude of vibrations appears not to

be a suitable criterion for the assessment of the accuracy of any
dynamic friction model. This 1is confirmed by fig. 4.2 which
shows the comparison between actual and theoretically predicted
values of vibration amplitude for a particular set of system

parameters. It can be seen that both theories predict



vibration amplitudes close to the experimental wvalues. This
parameter therefore has not been used in comparing the lin-
earised theories with experimental results. It can also be
seen from fig. 4.2 that a running in period was evident and this
was noticed on all unlubricated stick slip results. (Tabular

results are included in Appendix I )

The vibrations occuring at the steel on steel and cast iron on
cast iron interface were examined using the measurements of u.v.
recorder traces typically shown in fig. 4.3. The system
frequency was varied by using different springs, stiffness wvalues
of 7.3, 16.3 and 31 Nm/rad being used providing system
frequencies of 6.6, 10 and 13.7Hz. The normal loads applied

to the friction junction were 10, 20, 60 and 120N, and the drive
speeds were 0.02, 0.08, 0.2, 0.35 and 0.5 rad/s. In all cases
the pistons were run-in on a dummy disc prior to the tests in
order to produce nominally the same area of contact of
approximately 35 x 10"6om2 between piston and disc. Measurements
were taken of static friction torque, friction torque at

maximum slip velocity, maximum slip velocity itself and time
period of acceleration and deceleration (fig. 4.3). From these
results the non-dimensional parameters i and Ci (governing
parameters of linearised theories) were obtained and the graphs
shown in figs. 4.4 to 4.11 plotted for the steel on steel
interface. Similar results were obtained for cast iron on

cast iron contact and are shown in figs. 4.12 to 4.19.

It can be seen that for those graphs involving comparisons



of slip time period of acceleration and deceleration the
negative damping coefficient friction model offers closer
correlation than the Blok model for both materials (see Figs.
4.4-7 and 4.12-15). Since the linearised models are generally
disposed either side of the observed dynamic friction
characteristics the time period for the acceleration phase
would be expected to follow suit. This is confirmed by graphs
4.4, 4.5, 4.12 and 4.13 with the negative damping model

theory offering closer correlation with experimental values.
For both materials the predicted slip time period of deceleration
is accurate to a high degree for the negative damping model
theory. This is not so for the Blok model theory, which shows
deviation from experimental results. Consequently the total
slip period results of figs. 4.8, 4.9, 4.16 and 4.17 show the
negative damping model theory to be the more accurate of the

two suggested.

The correlation between theories and experimental results

is similar for both steel and cast iron materials i.e.

negative damping friction model is more accurate for both
materials. The results indicating relationships between friction
governing parameters and maximum slip velocity (figs. 4.10, 11, 18
and 19) show the Blok model to be reasonably accurate in
predicting maximum velocity of vibrations with predicted wvalues
generally higher than those measured. Results have been taken
for a large range of Blok parameter values and approximate
correlation exists over the whole range for both materials. For
the negative damping model theory, correlation exists for low

values of Ci but some deviation from predictions does occur at



higher wvalues. These experimental values are generally
higher than theoretical predictions with little evidence of

variation between cast iron and steel Jjunctions.

4.3 Variation of dynamic gradient with system parameters
Since the comparison between linearised models indicates the
negative damping concept to be the more accurate in repres-
enting the friction characteristic of the materials used then
an appreciation of the variation and wvalues of that parameter
for a range of system parameters i1is most useful.

Ts - TK
Figs. 4.20 and 21 show the dynamic gradient Cp = —_—

bmax

expressed as a function of normal 1load, system frequency, and
drive speed. For both cast iron and steel junctions, Cp is
seen to increase with increasing system frequency and increase
with increasing normal load. Surface finish of the disc
appears to have no influence on dynamic gradient values.
Dynamic gradient increases slightly with reducing drive speed
to approximately O.lrad/s (5 x 10"3m/s surface speed), but for
lower drive speeds a sharp increase in dynamic gradient is
evident. This is true for both cast iron and steel Jjunctions,
with the absolute values of dynamic gradient generally \o

for cast i1ron than steel.

In an attempt to produce an empirical formula representing the
relationship between dynamic gradient and normal load, system
stiffness and drive speed, the results are presented in log-log
form in fig. 4.22 and 23. For cast iron, fig. 4,22 indicates

the dynamic gradient to be a function of drive speed for each



normal load condition independent of system fregquency. As

the normal load increase” the slope of the log ( Cp) against
log (drive speed) relationship reduces. This suggests the
drive speed exponent itself to be an inverse function of normal
load. This relationship is obtained as shown in fig. 4.23
plotting log (drive speed exponent) against log normal load from
which the drive speed exponent relationship is obtained. Since
dynamic gradient is dependent on system frequency then the
exponent of (KJ) i1is found by plotting log (KJ) against log
dynamic gradient for any values of drive speed and all values
of normal 1load (fig. 4.24). Repeating the process for the
relationship between dynamic gradient and normal load at 1 mm/s
drive speed provides the load exponent (fig. 4.25). Bringing
all the system parameters together and considering a particular
value of dynamic gradient, provides a constant which completes

the following empirical relationship

C = 0.12 L°*Z5(KJ) °m"
F 0*%5/L°"'2
The units are:- L(N), K(Nm/rad) y J(Kgm2), <£(rad/’s).

Converting the dynamic gradient values into negative damping
coefficients (v 2/KJ) gives the graph shown in fig. 4.27 and

the empirical relationship is modified to

Ci = 0.06 LO® _____ i.e. negative

0o.45/L°%e2~(KJ) O*1

damping coefficient reduces for increasing system (KJ) values.

For the steel Jjunction, dynamic gradients from fig. 4.21
presented in log-log form in fig. 4.23 are less easy to define

than those for steel. Dynamic gradient is approximately a



constant function of drive speed for all normal load conditions
although there 1is some evidence of deviation from this in
fig.,4.23. Using the same basic form and approach as for
steel Jjunction results gi®es the following

cC = 0.19 L°2 (KJ) °,tf

F *35/1°'16

Converting the dynamic gradient results to negative damping
coefficients (fig. 4.28) also indicates a decrease 1n negative

damping coefficient for increase 1in system frequency.



Fig 4.1 (a) Typical friction force-slip velocity oscilloscope

photographs.
12
S
10
Friction
force (N)
i F-—-1 * i i
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity 0 (rad/s)
(i) Cast iron, 60N normal load, 6.6 Hz frequency, 0.02 rad/s
drive speed, SF III.
Friction
force (N)

slip velocity (rad/s)
0

(ii) Cast iron, 60N normal 1load, 13.7 Hz frequency, 0.08 rad/s
drive speed, SF II.



4.1 (b Typical friction force-slip velocity oscilloscope

photographs.
Friction
force (N)
1 £ —u i t i i i
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity 0 (rad/s)
(i) Steel, 60N normal load, 10 Hz frequency, 0.08 rad/s
drive speed, SF TI.

12

10
Friction
force (N)

JL
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

slip velocity (rad/s)

(ii) Steel, 60N normal load, 13.7 Hz frequency, 0.08 rad/s
drive speed SF II.
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Fig. 4.7 Comparison of experimental deceleration time period with negative
damping theory variations in normal load, drive speed, surface
finish and system frequency, steel
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Fig. 4. Comparison of experimental slip frequency with Blok model theory
for variations in surface finish, 1load, drive speed, system
frequency, steel on steel
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Fig. 4.9 Comparison of experimental slip frequency with negative damping
theory for variations in normal load, drive speed, surface
finish and system frequency (negative damping model) , steel on- steel
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Comparison of experimental deceleration time period with negative
damping theory for variations in normal load drive speed, surface
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Fig. 4.27 Variation of negative damping coefficient with system frequency,

Cast iron
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Fig. 4.28
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Variation of dry negative damping coefficient with drive speed
and system frequency for steel
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" 'CHAPTER 5”5'EXPERIMENTAL'RBSULTS'AND*COMPARTSON”WITH'THEORY

" 'FOR ‘TRANSFER LUBRICATED STICK SLIP

5.1 Introduction

Tests were performed to establish the conditions under which
stick slip vibrations are eliminated by the transfer lubricating
technique. Transfer lubrication was achieved by allowing one
metal piston of the experimental apparatus to be radially loaded
on to the disc together with a diametrically opposed transfer
lubricant component also loaded radially on to the disc. Motion
of the disc brought about wear in the lubricant and caused it to
be transferred to the metal interface with consequent modifi-
cation to the frictional properties of the arrangement.

TYpical u.v. recor&er tracésidemonstrating the Teduction in
vibration amplitude due to transfer lubrication techniques are

shown in fig. 5.1.

The tests were performed for variations in system frequency,

normal load, drive speed, surface finish and metal/lubricant
combina%ions. Figs. 5.2, 3 and 4 illustréte in tabular form those
combinations successful in causing the elimination of stick-slip
vibrations or the minimum vibration amplitude obtained,

expressed as a fraction of the maximum amplitude in any test.

Measurements were also taken of metal and lubricant dynamic
friction characteristics, time taken to eliminate vibration
and in selected cases the volumetric wear of the transfer

lubricant compacts.



Prior to commencement of the tests both pistons were run-in on a
dummy disc, providing a metal piston area of 35 x 10 em2 and a

lubricant piston area of 55 x 10 @m2.

5.2 Dynamic Friction Characteristics

To examine the mechanism of transfer lubrication in terms of

the theory suggested in chapter 2 it was necessary to have a
measure of the metal to metal dynamic friction characteristic
being continuously modified by the transferred lubricant, to-
gether with the viscous damping action of the transfer lubricant
on the disc. This was achieved by periodically removing the
transfer lubricant and measuring the metal to metal dynamic
frictioncharacteristic as originally outlined for dry stick slip
(chapter 4). Oscilloscope photographs of such characteristics
are shorn in fig. 5.5 confirming the shape of the characteristic
to be similar to that for dry sliding. Thus the proposed mech-
anism of negative damping metal to metal characteristic modified
by transferred lubricant 1is seen to be acceptable. Although
modified dynamic friction metal to metal characteristics were
obtained simultaneously with the transfer lubricant dynamic
characteristics, the latter will be presented and discussed

separately.

5.3 Friction Components of Transfer Lubricants

5.3.1 Introduction
At the same time as the modified ’'metal to metal’ characteristic

was obtained, it was also necessary to acquire the dynamic



characteristic of the transfer lubricant acting on the disc.

An attempt was made to do this by measuring dynamic friction
force with the transfer lubricant piston onlyt acting on the
moving disc. U.v. traces indicated no reduétion from static fric=
tion level to a lower kinetic friction level. Hence a dynamic
friction model for the dry lubricant made up of coulomb and
positive viscous components of frictional resistance is seen to
be reasonable, but the assessment of lubricant dynamic friction
characteristic is impossible using this technique. Using-the
method suggested by Kennedy (20) and outlined in section 2.5 the
friction components were obtained by subjecting the system to an
initial displacement and measuring the amplitudes of free vi-
brations of the disc under the influence of the transfer lubri-
Acanf. By applying theprocedures outlined in chapter 2 the
coulomb and viscous valuesof friction were then determined. U.v.
tréces shown typically in fig. 5.6 and 7 were used to obtain

the amplitude response curves required to calculate friction

components.

Fig, S.é shows two such amplitude response-curves plotted in
log-linear form for graphite on cast iron(S.F.II) for system
frequency of 10Hz, and normal loads of 20N and 36N. Constant
values are added to each successive.amplitude until a straight
line is obtained on the graph. The coulomb and viscous friction
components.are then calculated as shown in fig. 5.9. Results
obtained from direct measurements asrdescribed above provide a
check on the coulomb friction levels. The above procedures were

repeated at the same time as the metal to metal tests during



the transition phase from vihratory to smooth sliding. Little
evidence of variation in the lubricant friction components
with time was observed throughout the duration of the tests.

Tables of typical results are given in appendix II.

"'with System Parameters

Using the above techniques, values of coulomb and viscous
frictional resistance were obtained for a selection of

lubricants and various system parameters. Since no variation in
lubricant friction was observed with time then the results

are given as a function of system frequency, normal load.and
material combinations. Initially surface finish II was used

for all metal and lubricant combinations. For those combinations
successful in eliminating stick-slip (steel/ptfe and graphite/C1)
tests were extended to include surface finishes I and III; for
those un-successful (steel/graphite and Cl/ptfe) only surface
finish II was utilised. From the results shown in figs.5.10

to 17,it can be seen that for all cases, both viscous and
coulomb'friction torques increase with increasing normal load.
The maximum value of normal load for which experimental results
could be obtained was that which would éllow free vibrations

and hence amplitude measurements. In addition, it can be seen
that in all cases surface finish II produces the highest

value of vistous resistance. Viscous damping coefficient can

be seen to be reasonably independent of system frequency for the

three frequencies used, as is the coulomb damping level.



It was felt desirable to perform some comparative check on

these results although precise data was not found in a

literature search. The coulomb friction torque values for
ptfe/steel were converted to friction coefficients and

plotted against normal pressure to allow direct comparison

with results by O'Rourke (28) for the variation of steady state
static coefficient of friction with normal pressure. No precise
details of surface finish were given by O'Rourke except that the
surface was highy polished. It can be seen that the shapes

of all the curves are comparable, with a reduction of coefficient
of friction from 0.3 at 0.05 MN/m? to a reasonably constant value
at 0.2 MN/m? (fig. 5.18). O'Rourke's results suggest this

value to be 0.09 to 0.1 comparéd with 0.1 to 0.13 for surface
finishes I,.II and ITI respéctively, obtaiﬁed by the author.

The reduction of coulomb friction Qith increasing normal pressure
for ptfe acting on cast iron is seen to be much less pronounced

than for ptfe on steel.

Approximate comparisons can be made between dynamic character-
istics aﬁd steady state data given by Hemingray (17) and Lewis

(25) indicating the variation of coefficient of friction with
sliding speed for ptfe acting on steel. Fig.5}19 shows details

of these comparisons for a range of speeds relevant to stick

slip vibrations, and nominal normal pressure of 0.8 MN/m2.
>Therefore, the coulomb plus viscous damping model’suééeéted for the
dynamic ffiction characteristic of ptfe on steel compares
fa#oufabiy ﬁifh the §tea&y state feéuits BBtéined bf Hemingray

and Lewis.



Although compérisons are unavailable, results for graphite
rubbing on cast iron are presented in a similar form as
above (figs. 5.20 and 21). These results indicate a
similar trend to those of ptfe onvsteel, the coefficient of
friction reducing with increasing pressure and increasing

with increasing sliding speed.

5.4 " Comparison of Experimental Results with Stability Theories

5.4.1 ‘Introduction

By inspection of the theoretical graphs of ehapter 2 it can be
seen that the influence of viscous damping on the unlubricated
friction characteristic has little significance in modifying the
frequency of vibrations. 1In the case of the negative damping
coefficient, for high friction gradient values an increase in
slip frequency is predicted, for low friction gradient values a
reduction in slip frequency is anticipated. For values of C;
around 0.4 to 0.5 little oi no variation in slip frequency can
be expected. Since these values of C; occur regularly in the
experimental apparatus then slip frequency is not a satisfactory
parameter to confirm the damping action of the transfer

lubricant in the elimination of stick slip motion.

Transfer lubricated stick slip results are thus presented on
the basis of the stability relationships developed in chapter 2.
utilising the viscous damping values presented in section 5.3.

Tables of results are given in Appendix III.



5.4.2 Stability Relationships

Combinations of metal to metal dynamic friction character-
istics continuously modified by the transferred lubricant,
together with the corresponding external viscous damping
coefficient supplied by the transfer lubricant are pres-
ented on stability graphs, figs. 5.22 to 33. Results which
induced stability and those which did not are presented and
the identification of each type 1is available from the

tables in figs. 5.2, 3 and 4.

As mentioned previously, thé viscous damping éction of the
dry lubricant remained reasonably constant during each

test for a particular set of system parameters. Hence the
accuracy of the theoretical relationships developed is dem—v
onstrated by the proximity to the stability line of those
metal to metal characteristics measured immediately prior

to the occurrence of smooth sliding

The theoretical relationship developed from the Blok dynamic
friction model shows poor correlation with experimental
re;ults for all combinations of dry lubricant and metal
junctions where stability occurred. In addition, using

this method of presentation it is difficult to distinguish
between those results successful in eliminating stick slip
and those not. This is not true for tﬁe‘negative daﬁping
dynamic friction model stability relationship. Results
obtained from conditions where smooth sliding occurred com-

pare favourably with the theoretical stability line whilst



those where instability persisted are evidently farther

away from the stability line..

For the Blok model relationship, the degree of correlation
between theory and'experimental results varies considerably
depending upon the system parameters. Stability results
obtained with high drive velocities have high values of

Blok parameter (see fig. 5.22 graphite on cast iron,

SF II, 48N normal load, 0.2 rad/s drive speed) and hence

show reasonable correlation with theory. However stability
conditions for low drive velocity situations (fig. 5.22,
graphite on cast iron, SF II,.48 N normal load, 0.08 rad/s
drive speed) show large discrepancies between theoretical and

experimental values.

This contrasts with the consistency of correiation obtained
by plotting the same results in Fig. 5.23 using the |
negative damping dynamic friction model relationship. The
fact thgt this method of presentation of the results also
distinguishes between stable and unstable conditions is
demonstrated specifically in figs. 5.22 and 5.23, the

ptfe on cast iron results being farther away from the
theoretical stability line.

These observations appiy generally for the compléfé!’

series of results shown in fig. 5.22 to 33.



" Wear Rates

Measurements were taken to examine the stick-slip elimination
point for variations in normal presSure and drive speed. The
measurements were taken for graphite 6n cast iron and ptfe on .
steel. Results from these tests are shown in figs. 5.34 and 35.
plotting normal load against sliding ratio, which is defined as
the ratio of total sliding distance to disc circumference.
System frequency for the measurements was confined to 6.6Hz

and surface finish was varied through 3 values. The results

are presented for two drive speeds, in the region where the
dynamic gradient was approximately constant i;e. 0.2 rad/s and

0.4 rad/s.

Three significant pointé emerge from the graphs. Firstly, the
elimination of stick slip is a function of sliding distance

for those conditions where dynamic gradient is independent of
drive speed. Secondly the level of damping exhibited by a
material and surface finish combination directly influences

stick siip elimination, i.e. the lower the.damping level, the Z. .~
longer elimination takes. Thirdly, with increasing normal load
the distance required to eliminate stick slip increases. In the
case of surface finish i; pffe on sfeél, sfick slip elimination

2
ceases to occur after 90N normal load (2.57 MN/m normal pressure).

Since it was felt that volumetric wear of transferred
lubricant would influence the modification of the dry dynamic
characteristics, measurements of volumetric wear were taken

concurrently with the above measurements for selected tests.



The . wear - measurements were also extended for a considerable
périod of time after smooth sliding had been achieved.
Obviously the number of tests had to be restricted and surface
finish II only was used. Results are shown in figs. 5.36 and
37. As would be ahticipated volume wear is independent of drive
speed and is directly proportional to normal load. These
observations are compatible with the first two observations
made previously in connection with the stick slip eliminétion
distance but at first sight do not confirm the third point.
Sincebthe metal to metal dynamic gradient increases slightly
with increasing normal load then the volume of transferred
lubricant necessary to modify the dynamic gradient would be
expected to be larger. But transferred lubricant volume wear
is directly proportibnal to normal load and transfer lubricant
damping has been shown to increase with normal load. This
suggests that stick slip elimination point could reasonably be
expected to reduce with increasing normal load. This is not
borne out by the experimental results shown in figs. 5.34 and
35 which shows the sliding ratio continuously increasing

with normal pressure. One explanétion for this effect is

the possibility of a 1imiting normal pressure being reached
due to plastic deformation of the surface asperities at the
metal interface. This then effectively denies access of the

transferred lubricant to the dry friction junctidn and

increases the stick slip elimination point.

Tests were also conducted for a differential loading
situation, and the results are shown in figs. 5.38 and 5.39.

The ratio of metal to lubricant normal load is plotted against



the inverse of sliding'ratio as an indication of the limiting
load levels which might exist. For both ptfe on steel and
cast iron on graphite the loading ratio increases with decreasing
normal load levels. Definite limits of stick slip elimination
are seen to exist for both material combinations, the graphite
on cast iron providing the highest value of 1.75 compared with
1.5 for ptfe on steel. Expressing these conditions in terms

2

of nominal pressures gives limiting pressure levels of 2.75 MN/m

2
and 2.48 MN/m for the cast iron and steel junctions respectively.



N

s

-slip velocity.

By

Reduction of stick slip due to transfer lubrication ptfe on steel 150N normal load SF II 0.08 rad/s drive speed

Fig.5.1.
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Fig 5.5 (a) Typical dynamic friction characteristics for transfer
lubricated stick slip.

Friction
force (N)
slip velocity 0 (rad/s)
(i) Graphite on cast iron, 48N normal 1load, 13.7 Hz
frequency, 0.08 rad/s drive speed, SF II.

12

10
Friction
force (N)

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

slip velocity (rad/s)
&

(ii) Graphite on cast iron, 48N normal load, 6.6 Hz
frequency, 0.2 rad/s drive speed, SF I.



Fig 5.5 (b) Typical dynamic friction characteristics for transfer
lubricated stick slip.

Friction
force (N)
0 0.4 O. 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity 0 (rad/s)
(i) PTFE on steel, 56N normal 1load, 13.7 Hz frequency,
0.08 rad/s drive speed, SF II.
12
10
Friction 8
force (N)
6
4
2

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

slip velocity (rad/s)
0

(ii) PTFE on steel, 36N normal load, 0.2 rad/s drive speed,
10 Hz frequency, SF III.
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Add 0.3
Add 0.2
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pressure 55 MN/m-
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Fig, 5.9 Typical Calculations for Components of Friction of
Transfer Lubricant

Graphite on cast iron surface finish II, 16.3 Nm spring stiffness,
0.004 Kgm? inertia '

" "Peak Number
1 2 3. 4 5 6

Normal Load , :
.10.18210.14410.116}0.085{0.059 |0.025

Actual Amplitude (rad)

)
) 20N ——— : - : -
Modified Amplitude (rad)) .......}0.48210,444]0.316{0.385]0.359 {0.325

Actual Amplitude (rad) -10.21210.165(0,121{0.077{0.03

)
) 36N
Modified Amplitude (rad)) 0.512]0.46510.42110.37710.33

20N Load Case

From equation (12) Chapter 3

01
o _ (m-1)ur _ 0.482 _ -
5. - W T 0.325 - 14483
n
.« viscous damping component, C - 0.392 x4 x ;0‘3 x 0.004 -='0.011Nm/rad/s
Also um
Tl +e W,
-K{_—'EE,} = 0.3
l1+e W
ST = 0.3 x 16.3 x 0.075 _ 0.19Nm

1,925

Applying similar procedures for 36N load case - C = 0.,013Nm/rad/s

"'T ='0.25Nm




Dynamic friction characteristics of graphite on cast iron - system

frequency 6,6 Hz

Viscous
(Nm/rad/s)

0.1

*

Coulomb
(Nm)

0.4

SF II
SF III
Viscous

Coulomb

0.145 0.29 0.435

Normal Load (N)
Normal Pressure

0.58

(MN/m2) .

40
0.725

0.

87



frequency 10 Hz

Viscous Coulomb
(Nm/rad/s) (Nm)

o) SF I
© SF II
0.06 - 0.24
© SF III /
Viscous /
* Coulomb
0.05 ~ 0.2 /
)
0.04 r o,i6
/o
©
/
0.03 ©
©
0.02 0.08
c)
.© o
0.01 K4 ©
" JL JL JL
0% 16 24 32 40 48
0.145 0.29 0.435 0.58 0.725 0.87

Normal Load (N)
Normal pressure (MN/m2)



Viscous
(Nm/rad/s)

0.01

Coulomb
(Nm)

0.36

0.32

0.28

0.24

0.16

0.04

0.145

SE II
SE IIT

Viscous
Coulomb

0.29 0.435

Normal Load (N)
Normal Pressure

0.58

(MN/m2)

0.725

0.

87



rig. 50.15

Dynamic Characteristics of PTFE on mild steel - éystem frequency 6.6 Hz

Viscous Coulomb

(Nm/rad/s) (Nm)
0.09 | 0.36 Co 4 fo
0.08 | 0.32 , _ 0/
.0
. -/
0.07 ¥ 0.28 O SF I . /
" ® SF II ' _
® SF II1 / '
- Viscous // .
0.06 | 0.24 —_— : '
] - oglomb e /b
® /
/
et 7/
0.05 [ 0.2 /
- / /
' o) /0 .
e/ 4 ' - @
0.04 [ 0.16 7 '
0.03
'0.02
0.01
. | 1 1 . . 1 1 3
0 8 16 24 32 40 48 56

0.145 0.29 0.435 0.58 0.725 0.87 1.02

Normal Load (N)
Normal Pressure (MN/m2)



Dynamic Characteristics of PTFE on mild steel

Viscous
(Nm/rad/s)

0.09.

0.01

Coulomb
(Nm)

0.36

0.32

0.28

0.2

0.16

0.08

0.145

SE I
SE IT

SF III
Viscous

Coulomb

0.29 0.435

Normal Load (N)
Normal Pressure

- system frequency 10 Hz

0.58

(MN/m2)

40
0.725

48
0.87

56
1.02



Dynamic Characteristics of PTFE on mild steel

Viscous
(Nm/rad/s)

0.09

Coulomb
(Nm)
0.28
SF I
SF II
SF III
0.24 Viscous
Coulomb
0.2
-0.16
0.12
"0.08
-0.04
8 16 24 32
0.145 0.29 0.435 0.58

Normal Load (N)

Normal Pressure (MN/m2)

40
0.725

- system frequency 13.7 Hz

48
0.87

/©

56
1.02



Dynamic Characteristics of Graphite on Mild Steel - all system frequencies

Viscous Coulomb
(Nm/rad/s) (Nm)
0.09 0.36
0.08 0.32
SF III 6.6 Hz
0.07
Viscous
Coulomb
0.06 0.24
0.05 0.2
0.04 0.16
0.03 0.12
0.02 0.08
0.01
40 48
0.145 0.29 0.435 0.58 0.725 0.87

Normal Load (N)
Normal Pressure (MN/m2)



Dynamic Characteristics of PTFE on cast iron for all system frequencies

Viscous Coulomb
(Nm/rad/s) (Nm)
0.09 0.36
0.08 0.32
0.07 0.28 SF IT
SF III
Viscous
0.06 0.24 Coulomb
0.05 0.2
0.04 0.16
0.03 0.12
0.02
0.01 0.04
8 16 24 32 40 48 52
0.145 0.29 0.435 0.58 0.725 0.87 0.943

Normal Load (N)
Normal Pressure (MN/m2)
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'g. 5.21 Variation of dynamic coefficient nf f e *e
With sliding velocity for graphite
6.6 Hz frequency r N m Pressure

dynamic coefficient of friction

0.25
0.15
0

SEEHTI C. I.
SF IIT M.S.

0.0

0'02 0.04 0*06 0.08

0.12

sliding velocity (m/s)
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k ‘model-cast iron - freauency 6.6 Hz

‘Stability relationships - Blo

1.1 [
1.0 F
0.9 [
0.8 |
0.7 [
0 N Og.‘raphi'te SF II 0.08 rad/s 48N
.6 _
APTFE SF II 0.08 rad/s 52N
Y @eraphite SF IT 0.08 rad/s 20N
o5 F APTFE SF II 0.08 rad/s 24N
) o ©graphite SF II 0.2 rad/s 48N
2)
0.4 o
]
S
- STABILITY
0.3 |
o
b o
L A2 o INSTABILITY
0.2 Op
b0, @
-0
&@A o)
0.1 F
poe .,
A :
0 ] { 1 L 1 i l*
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Vv

lonsnips - negative damping moaei cast iron,
®
A
P
A
INSTABILITY

0

A ©£QO

A ®“e
STABILITY

~i— ————

0.4

0.5

0.0 tiz rrequency

graphite SF II 0.08
rad/s 48 N

PTFE SF II 0.08 rad/s
52 N

graphite SF II 0.08
rad/s 20 N

PTFE SF II 0.08 rad/s
24 N

graphite SF II 0.2
rad/s 48 N



cdlLJ.UHfIlip> - DIUK I1IUUC1

INSTABILITY

STABILITY

© graphite
O graphite
O graphite
(D graphite

SE'
SE
SF
SE

JLIULL, DM 1l JXCLIUCLIX=y

IT 0.08 rad/s 20N
IT 0.2 rad/s 48N
I 0.2 rad/s 48N
IT 0.4 rad/s 1eN

A-PTFE SF II 0.08 rad/s 52N
& PTFE SF II 0.4 rad/s 24N



0.8

0.7

0.6

0.5

0.4

o3

0.2

0.1

INSTABILITY

© graphite SF II 0.08 rad/s 20N
O graphite SF II 0.2 rad/s 48N
. ® graphite SF I 0.2 rad/s 48N
@ graphite SF II 0.4 rad/s 16N
AOHPTFE SF II 0.08 rad/s 52N
APTFE SF II 0.4 rad/s 24N

STABILITY

0.1 0.2

0.3 0.4 0.5 0.6

C2



Fig. 5.26

Stability relationship - Blok model cast iron, 13.7 Hz frequency

0.9

0.7

0.6 O graphite SF II 0.08 rad/s 48N
< graphite SF II 0.2 rad/s 36N
(O graphite SF I 0.08 rad/s -48N

0.5 & graphite SF II 0.08 rad/s 52N
~ —PIFE SF II 0.4 rad/s 24N

0.4

STABILITY
0.3
0.2
INSTABILITY

0.2 0.3 0.4 0.5 0.6 0.7



Fig. 5.27

Stability relationship, negative damping model cast iron,

frequency = 15.7 Hz

0.7
0.6
0.5 INSTABILITY
O graphite SFII 0.08 rad/s 48N
©A O © graphite SFII 0.2 rad/s 36N
0.4 o ® © graphite SFI 0.08 rad/s 48N
4>° A PTFE SFII 0.08 rad/s 52N
A %
© Xo A PIFE SF II 0.4 rad/s 24N
& /P
0.3
STABILITY
0.2
0.1
0
0.1 0.2 0.3 0.4 0.5 0.6

c2
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lationships - Blok model mild steel,

STABILITY

INSTABILITY

6.6 Hz frequency

PTFE SF II 0.08 rad/s 48N

()graphite SF II 0.08 rad/s
48N
A PTFE SF III 0.08 rad/s 48N

©PTFE SF II 0.2 rad/s 24N
0 PTFE SF II 0.4 rad/s 16N

A graphite SF II 0.2 rad/s
24N




Fig. 5.29

Stability relationships - negative damping model mild steel, 6.6 Hz frequency

0.9
0.8
0.7
INSTABILITY
® PTFE SF II 0 .08 rad/s
48N
O graphite SF II 0.08
0.6 . rad/s 48N
& PTFE SF IIT 0.08
rad/s 48N
<D PTFE SF II 0.2 rad/s
0.5 Fe28¥: sp 1T 0.4 rad/s
. A 16N
graphite SF II 0.2
STABILITY rad/s 24N
0.4
0.3
0.2
J
0 o

0.1 0.2 0.3 0.4 0.5 0.6 0.7



‘A

.2

0.3

0.4

PTFE

PTFE
PTFE

PTFE

SE'

SE
SE'

SE'

II 0.08 rad/s 36N

I' 0.08 rad/s 48N
IIT 0.08 rad/s 36N

IT 0.2 rad/s 1eN

graphite SF II 0.2 rad/s ION

graphite SF II 0.2 rad/s 48N
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" 'Stability reélationship - negative damping model mild steel,

"'10 Hz frequency

0.7 F
0.6 [
" INSTABILITY . |
(D@ ) . . ) .
0.s F .O PTFE SF IT 0,08 rad/s 36N
‘ PTFE SF I 0.08 rad/s 48N
ce PTFE SF III 0,08 rad/s 36N

PTFE SF II 0.2 rad/s 16N

B
&

bbb o O 0@

0.4 o
A A@ STABILITY graphite SF II 0.2 rad/s 10N
C; A@O§ ' graphite SF II 0.2 rad/s 48N
003 -A ®
o 0®
g;%
0.2 -Ae
Il
e -
A A
0.1 p
0 J { K} 4 i 1
0.1 0.2 0.3’ 0.4 0.5



Fig. 5.32

Stability relationship - Blok model mild steel,

0.9
A
&
0.6
0.5
0.4
©
®
STABILITY
0.3
0o
0.2 A0
INSTABILITY
AO
O"
0.1 0.2 0.3

c2

th @ O ®

13.7 Hz frequency

PTFE SF II 0.2 rad/s 56N
PTFE SF II 0.08 rad/s 48N

PTFE SF III 0.08 rad/s 24N
graphite SF II 0.08 rad/s 48N

graphite SF II 0.4 rad/s ION



Fig. 5.33

‘Stability relationship - neg‘ative’d&mping'mode'l‘milci'steel,’ "13.7 Hz frequency

0.7 =

0.6 k ~ ' © PTFE SF II 0.2 rad/s 56N

O 'PTFE SF II 0.08 rad/s 48N

® PTFE SF III 0.08 rad/s 24N
INSTABILITY ‘ A graphite SF IT 0.08 rad/s 48N
' A graphite SF II 0.4 rad/s 10N

-

STABILITY

Ci

0.3 0.4 - 0.5
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" 'CHAPTER: '6- .- CONTAMINANT EFFECTS

6.1 Introduction

Having demonstrated the viability of transfer lubrication
techniques in stick-slip elimination under chemically clean
conditions it was decided to examine the effect upon the
technique of o0il contamination, which might be experienced in
some engineering environments. A typical light machine oil,
Shell Tellus 33 (kinematic viscosity of 66cSt at 37.8°C) was
smeared upon the metal disc producing boundary lubrication
conditions at the metal piston and disc interface with the
'dry lubricant compact acting diametrically opposite as
previously. The stick slip machine was then run and rhe
effects upon the transfer lubrication observed. Tests were
confined to those metal and lubricant combinations which had

shown most success in the uncontaminated tests.

6.2 Graphite on Cast Iron Results

Fig. 7.1 shows the amplitude against time relationship for
graphité on cast iron, surface finish II, 0.08 rad/s drive
speed, 6.6Hz frequency, 24, 48 and 120N normal load. It can

be seen that elimination of the stick slip vibrations does occur
and the 0il contaminant has little or no effect. The
transferred lubricant itself was seen to mix with the o0il in
forming a compound which still transferred adequately to the

metal interface causing elimination of the stick slip vibrations.

6.3  PTFE on Steel Results

‘The above tests were repeated with a mild steel disc and piston



énd ptfe as a dry lubricant, The graph of fig. 6.2 indicates

a deterioration in the efficiency of stick slip elimination
compared to the uncontaminated situation. In all load cases stick—.
slip vibrations still occurred considerably after they had been

eliminated in the uncontaminated tests.

In order to ascertainthe reason for this failure to eliminate
the stick slip vibrations, measurements were taken of 'metal
to metal' friction characteristic, dry lubricant coulomb and

viscous friction components and dry lubricant volume wear.

The coulomb and viscous components of friction are shown in

fig. 6.3 and are used in conjunction with the steel on steel
negative damping coefficient values to produce the stability
graph of fig. 6.4. Comparihg the viscous damping values
obtained with those shown in fig. 5.13 indicates 1little variation
in this property due to the boundary lubrication effects of the
0il. The stability graph however shows considerable discrepancy
with that which might have been expected based on the results of
chapter‘s. This indicatesthe contaminant oil to be adversely
affecting the transfer of dry lubricant and hence the
modification of the 'metal to metal' characteristic. Further
confirmation of this is given by the volumetric wear of the con-
taminated ptfe (fig. 6.5) compared to the uncontaminated wear
shown in fig. 5.37. It can be concluded therefore that the
failure of the ptfe to eliminate steel on steel stick slip
vibrations is due to the effect of the oil in reducing the

transfer of lubricant to the metal interface.,



A composite dry lubricant, manufactured by Du Pont de Nemeurs
~and having the trade name 'Vespel SP211'* was obtained to test

the performance under oil contaminated stick slip conditioms.

The graphs of figs. 6.6, 7 and 8 show this material to be
satisfactory in eliminating the stick slip vibrations in

circumstances where the ptfe had failed to do so.

~* A polyimide resin containing 15% graphite and 10% ptfe by
- weilght - available from Messrs Du Pont de Nemours, Switzerland.
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viscous
(Nm/rad/s)

0.8

0.7

0.6

0.5
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0.2
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Fig 6.3 Components of friction, ptfe on steel

Tellus 33 oil contamination, 6.6 Hz frequency
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Fig 6.4 Stébility felationship ptfe on mild steel
~0il contaminated, 6.6 Hz frequency, SF II, 0.08 rad/s
drive speed
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viscous coulomb Fig 6.6 components of friction, vespel on mild steel,
(Nm/rad/s) (Nm)

SF II 6.6 Hz frequency, oil contaminated.
0.11  0.44

0.09 } 0.36 | , /
0.08 ¢ o.'szy | | /
0.07-. 0.2; | | | /
0.06L .24 - | /
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0.04] 0.16 /

0.03F 0.12
-
0.02} 0..08‘ | S
O
0_- 01 - 0.04 /9
3 1 [} [ -
0 8 - 16 24 32 40 48

0.145 0.29 0.435 0.58 0.725 0.87

Normal load (N)
Normal pressure (MN /m?)
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Fig 6.7 Stability relationship, vespel on steel, oil
contaminated, SF II, drive speed = 0.08 rad/s

negative damping theory

0O 0 o o O

® 6 o0 0

O]

~

INSTABILITY

STABILITY

O 24N normal load

® 48N

0.1

0.2

C2

0.3

"

1"



(sutu) oury

II 4SS ‘peads oATIp S/peX 80°0 ‘ZH 9°9 €pPolIBUTWEIUOD
II0 ‘1993s uo TodSOA aWI3 °*SA SUOTIBIQIA Jo opniTTduy §°9 mE

¢0'0

¥0°0

90°0

80°0

(pex)
opn3trdury
dr1s Yo13S-



- CHAPTER 7 :* GENERAL DISCUSSION

7.1 Unlubricated Stick Slip

The original objective of this project was to produce a simple
relationship concefning the stability of stick slip motion due
to the viscous damping found in transfer lubrication. It follows
then that any dynamic friction model needed to be simple and
amenablé to analysis. Two linearised models were therefore
considered, a lower bound one suggested by Blok (6) and a
discontinuous negative damping concept postulated by Bell and

Burdekin (11). Corresponding stability relationships based upon

the introduction of a viscous damper were thus developed.

Prior to the experimental programme to examine the effects of
transfer lubrication upon stick slip, therefore, it was necessary
to ascertain which of the two linearised models more closely
represented the dynamic friction characteristic of unlubricated

cast iron and mild steel.

All of éhe friction force slip velocity oscilloscope

photographs 'in chapter 4 indicate the two materials utilised

to have dynamic friction charactéristics some way between the

two models used and this is borne out by the various properties

of stick siip used for comparison. ‘

Figs. 4.4, 5, 12 and 13 show experimental and theoretical com-
parisons of the acceleration period, which is the critical property
since both models utilise a constant deceleration force. The

experimental values of acceleration period (w;t.) for steel on



for steel on steel (fig. 4.4 and 4.5) are seen to lie between
dimensionless values of 2.4 and 2.9 whereas the upper bound
tnegative damping) model predicts values in excess of 3.142 and
the lower bound (Blok) model predicts values in excess of 1.57.
The range of‘error'for the predictions of the negative damping
model theory is +27.5% to +12%yand for the Blok model -70%

to -17% deviation beétween predicted and experimental values

is seen.

Similarly for the cast iron reéults, the upper bound theory
predicts wyt,values between 12% and 35% greater than experiment,
and the lower bound theory predicts wytavalues 7% to 40% less than

found éxperimentally (see figs 4.12 and 13).

For the deceleration time period (w,ts;) the negative damping

model theory shows good agreement with experimental results for bot:
materials used (figs. 4.7 and 15). This is not so for the Blok
model theory (figs. 4.6 and 14) where the experimental results

show positive and negative error compared to theory.

These two properties combined produce the normalised slip
frequency felationships of figs.!4.8, 9, 16 and 17. As would
be expected from the foregoing results the experimental slip
frequencies lie between the theoretiéal predictions of the two

L—

theories for both materials used.

For steel on steel the negative damping theory predicts slip
frequencies between 4% and 17% less than practical results,

'the Blok theory overpredicting by 7% to 40% (figs. 4.8 and 4.9).



Similarly, figs. 4.16 and 17 indicate a prediction between 2% and
20% less than experimental results for negative damping model,
cast iron on cast iron and an 8% to 45% overprediction for the

Blok model theory.

More significant perhaps is the general distribution of the
experimental points rather than their percentage error from
theory.\ In all cases,for the negative damping model theory,
although deviation frdm theory undoubtedly exists, the distri-
bution of the experimental results follows generally the shape of
the theoretical line.r In the case of the Blok model however the
correlation between theory and experiment deviates considerably

from point to point.

Considering now the maximum slip velocity as a function of drive
velocitf as shown in fig. 4.10, 11, 18 and 19. For the steel

on steel results (figs. 5.10 and 11) the Blok model theoretical
predictions show close agreement with experimental values

compared with the negative damping model theory. Reasonable
agreemeﬁt occurs between the latter theory and experimental results
at values of C; less than 0.4 But deviation occurs for values of C;
greater than 0.4. The experimental slip valocities in this

region are generally greater than those predicted by the

negative damping theory. |

For the cast iron results however (figs. 4.18 and 19) neither
theory suggests itself as the more accurate in predicting

- maximum slip velocities. Isolated deviations from theory for



- both models can be observed in the graphs but the main body
of the results conforms reasonably to the theoretical predictions

of both theories.

Thefefore, tﬁe negative damping model is seen to be more accurate
than the Blok model in representing the dynamic friction |
characteristic of mild steel and cast iron. Further exploration
of this\property, i.e. the dynamic gradient, was then under-
taken by plotting experimental results in such a way as to
examine the variation of dynamic gradient with system parameters.
- The tabular results of appendix I indicate little effect on
dynamic gradient, of surface finish of the disc, and figs. 4.20
and 21 show the effect of normal load, system frequency and
drive speed for surface finish values I, II and III. The first
significant point to emerge from these results is the general
constancy of the dynamic gradient values for drive speeds in
excess of 0.1 rad/s (5 mm/s). For drive speeds slower than

this, the dynamic gradient increases significantly for both

cast iron‘and steel junctions. This coincides with results
obtaineé by Burdekin and Bell (15) on a cast iron machine tool
table, the increase in dynamic gradient occuring at speeds

below 0.2 in/sec drive velocity.

The graphs of figs. 4.22 to 26 were constructed to enable the
development of an empirical relationship between dynﬁmic
gradient and system parameters. Thé expressions serve to
indicate the trend of dynamic gradient for variations in system

parameters. Although the numerical values of dynamic gradient



for cast iron are lower than those of steel (hence making cast
iron a better proposition for non-stick slip applications),
the variation with system parameters is very similar for both
materials. Both materials exhibit a dynamic gradient directly
proportional'to (K3)°*"*, although since spring stiffness only
was varied then this is the real relationship. Also

proportionality to drive speed of the form
N

A/(normalload)B
(drive speed)

exists where A = 0.45 for cast iron and 0.35 for steel;
-B = 0.2 fdr cast iron and 0.16 for steel. This relationship is

close enough to be considered the same for both materials.

The deviation between the two rélationships lies in the propor-
tionality of dynamic gradient to (normal load)C._ For cast

iron the value of C is 0.25, for mild steel C is 0.2. From
these relationships, therefore, an indication bf the variation
dynamic C gradient 1is possible. Increase in dynamic gradient
will ensue‘ from an increase in normal load or spring stiffness -

or a decrease in drive velocity.

7.2 Transfer Lubficant Results

The theoretical stability relationships developed in section

2 suggest the mechanism of transfer.lubrication to be two-

fold. Dry lubricant, transferred to the metal fficfion junction,
- modifies that junction dynamic friction characteristic, whilst
the dry lubricant compact, by contact with the metal disc,
provides a viscous action, further Contributing tbythe stick

slip amplitude reduction; Whichever of the two linearised

‘dynamic fricticn models is representative of the metal junction,



the positive viscous damping effect is theoretically indispensable
in the process of stick slip elimination. Therefore, it was
necessary to have a measure of the dry lubricant dynamic char-
acteristic throughout the transfer lubricant tests. Literature
surVey and preliminary measurements indicated a kinetic friction
force.higher than static and increasing with sliding velocity,
making the determination of lubricant dynamic friction
characteristics impossible using the same technique as that to
obtain the metal dynamic friction characteristics. Based upon
the steady state measurements by Hemingray (17) and Lewis (25)
a coulomb plus positive viscous damping model was suggested

for the dry lubricant dynamic friction characteristics.
Amplitude response traces for an initial displacement of the
disc subjected to dry lubricant loading enabled the components
to be separated as shown in figs. 5.6 to 9. Dry lubricant
measurements taken concurrently with modified metal junction
characteristic measurements are presented in total, as a guide
to the.variation of dry lubricant properties with system
parameters. Figs. 5.10 to 5.17 show both viscous and coulomb
damping'values to increase directly with normal load for all
metal and lubricant combinations. It is impossible to dis-
tinguish the variation%coulomb damping due to surface finish,
buf the viscous component follows a definite trend. For both
ptfe on steel and graphite on cast iron, surface finish II
providés the highest viscous damping levels, with the ptfe on

steel values the higher of the two.

In order to assess the validity of the dry lubricant properties

some comparison with previously published data is desirable.



Thus the results of fig. 5.13 and 5.17 were converted to

dynamic friction coefficients for comparison with the steady state
fesults of refs. 17, 25 and 28. The coulomb damping components of
figs. 5.13 and 17 are compared with steady state friction co- |
efficients détermiﬁed by O'Rourke for drive speeds of 0.01 m/s.
Whilst exact correlation is not evident, nor would be anticipated,
the general trend of the results is satisfactory. Similarly the
Variatian of steady state friction coefficient with sliding
velocity found by Hemingray and Lewis is compared with dynamic
friction coefficients obtained from the coulomb and viscous
damping results of fig. 5.13. This comparison shows the dynamic
friction coefficients at zero velocity to be higher than those of
the stéady state results, the linearised slope of the dynamic
model comparing favourably with steady state variations with
sliding speed. Hence reasonable confirmation is provided for

the cculomb and viscous components of dry lubricant dynamic damping

determined in the circumstances of stick slip elimination.

The tables of fig. 5.2, 3'and 4 summarise the effectiveness of
the transfer lubrication technique in eliminating stick slip
vibrations. Generally, the graphite on cast iron and ptfe

on steel combinations showed more.success than graphite on steel
and ptfe on cast iron. All the testé conducted with graphite

on cast iron succeeded in eliminating the vibrations, thbse with
ptfe on steel being also successful, apart from tesf; involving
surface finish I at the higher normal loads (90N, 120N and 150N).
Some success was found with graphite on steel and ptfe on cast

iron, but mainly for high drive velocity and high system



frequency conditions. This would be anticipated, sinse these
conditions tend to produce low amplitude vibrations in an un-
lubricated situation. For the low frequency low drive velocity
conditions using ptfe on cast iron and graphite on steel no

stick slip elimination was achieved.

Stability graphs representing modified metal dynamic friction
characteristics against the positive viscous damping coefficient
provided by the transfer lubricant are shown in figs. 5.22 to
33. Both theoretical relationships are used to assess the
accuracy of each in predicting stability. Each graph contains
results, botﬁ successful and unsuccessful in eliminating stick
slip for normal loads up to 52N which was the limiting load

of dry lubricant, viscous and coulomb damping determination.

From these graphs it can be seen that the negative damping
model theory provides better stability predictions than the
Blok model theory. The results plotted on the basis of the
former thedry also distinguish between successful and
unsuccessful stick slip elimination, which is not so in the
case of the latter theory. The negative damping theory does
contain inaccuracies however, prédicting damping values from
10% to 100% greater than those found necessary fo eliminate
vibrations experimentally. The accuracy of the Blok model
theory is very limited and varies for different values of y.
For high values of ¢y, viscous damping predictions 100%
greater than experimental are observed (e.g. graphite on
cast iron, surface finish II, 0.2 rad/s drive speed, 36N

normal load, fig. 5.25). At low values of ¥ predictions of



7 times the actual viscous damping values found in practice
can be seen (graphite on cast iron, surface finish I, 0.08 rad/s

drive speed, 48N normal load, fig. 5.26).

A fecent analog simulation by Cockerham and Cole (29) examined
the stability relationship brought about by the action of
viscous damping upon stick-slip vibrations induced by non-linear
dynamic friction characteristics. Blok and negative damping
linearised theories were used to present the.resuits, which
indicate three distinct stability conditions. The first
condition is brought about by viscous damping sufficient to
cduse the ﬁiip velgéify to confihuoﬁsif decay to the.system
drive velocity; the second occurs when additional damping
produces one slip velocity oscillation reducing to drive velocity
and the third condition is produced when the slip velocity im-:
mediately attains the drive velocity of the system. The
experimental stability relationships of 5.22 to 33.show close
proximity to the first condition of stability found in figs. 8

and 9 of the above paper.

The results of figs. 5.34 and 35 demonstrate the point at

which stick sli? elimination occurs,to be a function of distance
rafher than time. Results taken for drive speeds where the metal
to metal dynamic gradient is constant indicate also that the

' 1ubricant‘apd metal combination exhibiting the highest viscous
damping eliminates stick‘slip in the shortest distance. Wear
test results shown in figs. 5.36 and 37 indicate the volume wear
of the dry lubricant to be a function of sliding distance and

directly proportional to normal load. This suggests that the



reduction of the metal dynamic friction characteristic is
dependent upon the volume ofvdry lubricant transferred to the
metal junction. Further tests examining the effect of increasing
~the stick slip junction normal load relative to the dry

lubricant normal 1ead demonstrated the limiting load ratio at
which stick slip elimination will not take place. This failure
to elim%nate vibrations is probably due to the metal friction
normal pressure causing plastic deformation of the asperities

at the stick slip junction, thus denying access of the

transferred lubricant to that junction.

The effect of 0il contamination upon the effectiveness of

transfer lubrication is outlined in chapter 6. Tests performed
with the same system parameters which had produced vibration
elimination under chemically cleah conditions, showed graphite
upon cast iron to be effective in producing stability with

Shell Tellus 33 o0il contamination (fig. 6.1). This was not so

for ptfe on steel however, which showed very little reduction

in stick-slip amplitude (fig. 6.2). Of the two factors contri-
buting to the mechanism of stick-slip elimination figs. 6.3 and 6.4
demonstrate the reduction of the metal friction characteristic as
opposed to the viscous damping of the dry lubricant to be
adversely affected by the 0il contamination. This is confirmed

by the volume wear tests of fig. 6.5 whieh show considerable
reduction in wear of ptfe on steel with oil contamination

cempared with the non-contaminated tests of fig. 5.37. A transfer
lubricant compact made from 'Vespel' proved to be an adequate
substitute for the ptfe, causing stick slip stability in the oil

contaminated steel tests as indicated in figs. 6.7 and 8.



" 'CONCLUSTONS

Transfer lubrication has been shown to be successful in elimi-
nating stick slip vibrations, particularly for p.t.f.e. lub-
ricating a steel junction and graphite transferred to a cast
iron junction. Howéver, for graphite on steel and p.t.f;e. on C.I.
isolated successes were observed but, in general stick slip
vibrations were not eliminated. For the combinations of lub-
ricant and metal junction successful in producing stability

a limiting ratio of stick slip junction normal load to dry
lubricant normal load was definable. In the presence of o0il

as a contaminant, p.t.f.e. on stéel failed to induce stability,
Eﬁt the aétion of graphite‘acting on cast iron was not unduly
affected. The use of 'Vespel'.as a lubricant acting on steel
was found to be successful in eliminating stick slip vibra-

tions.

Comparison of the experimental results with two theories
based upon linearised unlubricated dynamic friction models
showed a better correlation with the negative damping model
theory than the Blok model thebry. In éddition.the stability
criterion based upon the metal to metal characteristic being
modified by transferred 1ubficénf fogether with the viscous
damping effects of the transfer lubricant also proved more
accurate using the.negative damping dynamic fricpion model

than ;he'Biok model.

Dynamic viscous damping levels for p.t.f.e. on cast iron and



steel obtained from a coulomb plus viscous friction model
compare favourably with steady state results obtained by

Hemingray (17) and Lewis (25).
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